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Abstract 
Non-destructive testing (NDT) of glass-fibre reinforced polyester (GRP) composite 
materials has been becoming increasingly important due to their wide applications in 
engineering components and structures. Electronic Speckle Pattern Interferometry 
(ESP!) has promising potential in this context because it is a non-contact, whole-field 
and real-time measurement system. This potential has never been fully exploited and 
there is only limited knowledge and understanding available in this area. This reality 
constrains the wide popularity and acceptance of ESPI as a novel NDT technique. 
Therefore it is of considerable importance to develop an understanding of the 
capability of ESP I with respect to damage evaluation in GRP composite materials. 
The research described in this thesis is concerned with an investigation into the 
applicability of ESPI in the NDT of GRP composite materials. Firstly, a study was 
carried out to determine excitation techniques in terms of practicality and 
effectiveness in the ESPI system. Three categories of defects were artificially 
introduced in GRP composite materials, namely holes, cracks and delaminations each 
with different geometrical features. ESPI was then employed to evaluate the three 
kinds of defects individually. It has been found that cracks and holes on back surfaces 
can be defined when the technique is used in conjunction with thermal excitation. 
Internal Temperature Differential (lID) induced fringe patterns were more efficient 
than External Thermal Source (ETS) induced fringe patterns with regard to detecting 
the presence of holes and cracks. In the case of delamination, ESPI was found to be 
capable of detecting the damage when used in combination with mechanical 
excitation originating from a force transducer hammer. The geometrical features and 
magnitudes of delaminations were also established as being quantifiable. 
The validation of ESP I as an NDT technique was carried out in an attempt to establish 
a better understanding of its suitability and have more confidence in its applications. 
Four damaged specimens were SUbjected to ESPI examination in conjunction with 
visual inspection, ultrasonic C-scan and sectioning techniques. The geometrical 
VI 
features and magnitudes of damage evaluated using ESPI showed a good correlation 
with those evaluated by conventional techniques. 
Poor visibility and readability is an inherent problem associated with ESP! due to an 
overlapping between the noise and signal frequencies. An improvement of image 
quality is expected in an attempt to achieve a wide acceptance of ESP! as a novel 
NDT technique. It has also been demonstrated that this problem can be tackled using 
optical phase stepping techniques in which optical phase data can be extracted from 
. the intensity fringes. A three-frame optical phase stepping technique was employed 
to produce the "wrapped" and "unwrapped" phase maps which are capable of 
indicating internal damage with high visibility and clarity. 
Finally ESP! was practically employed to evaluate damage in GRP composites 
introduced by quasi-static and dynamic mechanical loading. It was found that ESP! 
was capable of monitoring the progressive damage development of specimens 
subjected to incremental flexural loading. The initial elastic response, damage 
initiation, propagation and ultimate failure of specimens were clearly characterised by 
the abnormal fringe pattern variations. In a similar manner, ESP! was employed to 
evaluate the low velocity falling weight impact induced damage. A correlation was 
established between' the magnitude of damage and the impact event parameters as 
well as the residual flexural properties. 
Key words: ESP!, NDT, NDE, GRP composites, ESPSI, phase stepping technique, 
optical phase map, defects, damage, fringe patterns, ultrasonic C-scan, instrurnented 
low velocity impact testing, flexural testing, sectioning techniques. 
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Chapferl: Introduction 
Chapter 1: Introduction 
Fibre reinforced polymer (FRP) composite materials have exhibited distinct 
properties such as high specific modulus and strength, light weight, high 
productivity, excellent processability, enviromnental degradation resistance and 
cost effectiveness (1,2) , They have sustained a rapid development for more than two 
decades and found ever-increasing applications as engineering components and 
structures in the fields of aircraft, rockets, military weapon system and nuclear 
energy industries, In these fields it is critically important to evaluate the integrity 
and reliability of the components and structures in a non-destructive way because 
the routinely employed mechanical property testing is destructive in nature and not 
practically and economically viable in most circumstances, Any ignorance or poor 
resolution of potentially dangerous defects could possibly lead to catastrophic 
disasters, This reality has led to the necessity for research and development of more 
reliable and effective non-destructive testing (NDT) or non-destructive evaluation 
(NDE) techniques, 
Many extensive and intensive investigations into established NDT techniques, such 
as ultrasonic scanning, acoustic emission, radiography, infrared thermography, 
have been carried out for FRP composite materials (3,4), Although conventional 
NDT techniques have been widely practised and shown varying degrees of success, 
they invariably suffer from inherent limitations and shortcomings, Implementation 
of reliable and effective methods to establish the integrity of FRP composite 
components and structures has been regarded as a challenge in NDT community, 
Coherent light interferometry techniques, including Holographic Interferometry 
(HI), Electronic Speckle Pattern Interferometry (ESPI) and Electronic Speckle 
Pattern Shearing Interferometry (ESPSI), have made significant contributions to 
satisfying the ever-increasing requirements of the engineering measurement and 
testing community, They are capable of making whole-field and non-contact 
measurements of displacement and displacement derivatives as well as vibration 
mode studies with considerably high sensitivity by exploiting certain unique 
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characteristics of coherent light. This can be extended to damage evaluation. In 
theory, defects wiIl lead to some disturbances and abnormalities in correlation 
fringe patterns when produced in conjunction with appropriate excitation 
techniques. Damage quantification can be accomplished according to appropriate 
interpretation of the correlation fringe patterns. 
Since 1970 there has been a lot of research with regard to the application of 
Holographic Interferometry (HI) to damage evaluation in different materials (5,6) • 
Unfortunately, HI never reached widespread acceptance as an NDT technique in 
industry because of its high equipment costs, the need for expert technical support, 
time-consuming photographic processing and a stringent environmental stability 
requirements. The interest has been graduaIly shifted to Electronic Speckle Pattern 
Shearing Interferometry (ESPSI) in the last ten years as far as damage evaluation 
using coherent light interferometry techniques is concerned. ESPSI was originally 
developed to measure displacement derivative fields of an object surface in the 
Department of Mechanical Engineering at Loughborough University(7). It can 
differentiate displacements optically by the special optical configurations. Defects 
can be diagnosed by interpreting strain concentrations in correlation fringe patterns. 
The potential of ESP SI as a novel NDT technique has been extensively investigated 
and received considerable recognition (8.9) • Its popUlarity has been demonstrated by 
the development and commercialisation of ESPSI testing systems and their 
practical applications such as detection of aircraft tire ply separations and aircraft 
component delaminations. Optical shearing configuration is used in an ESPSI 
system and damage is qualitatively evaluated in terms of strain concentrations. 
Therefore it is not intuitive for ESPSI to detect damage in nature. It is necessary to 
integrate data to get back to the geometrical definition of defect so that a 
quantitative evaluation can be achieved. Computer processing automaticaIly which 
is currently being investigated at Loughborough University can implement this 
integration. 
ESPI was also originaIly developed in the Department of Mechanical Engineering 
at Loughborough University (10) • As one of the family of coherent interferometric 
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measurement techniques, ESPI exhibits significant advantages over HI. Speckle 
patterns are acquired and the fringe patterns generated and updated electronically at 
the video frame rate (25 Hz). Consequently continuous and transient variations of 
correlation fringe patterns during the evaluation process can be monitored in real 
time. In addition, sensitivity to environmental disturbances is substantially reduced 
as a consequence of the short duration time of image acquisition. This is widely 
acknowledged as the most significant feature with respect to academic research and 
industrial applications. 
Research activities related to ESPI are predominantly concentrated on qualitative 
and quantitative displacement and deformation measurements and vibration studies 
as well as a variety of practical applications in the fields of engineering 
measurement and testing. ESPI has potential to be employed as a novel NDT 
technique which gives immediate and quantitative indication of damage geometry. 
It is possible for ESPI to have a direct comparison with conventional NDT 
techniques so that the capability and applicability can be validated as far as damage 
evaluation in polymeric composites is concerned. The potential of ESPI as an NDT 
technique has been realised to some extent but the corresponding investigations 
into its applicability and capability have never received due attention. The lack of 
understanding and expertise in this field seriously constrains the full recognition 
and popUlarity of ESPI as a prospective damage evaluation technique for FRP 
composite materials. Consequently it is of considerable significance to establish a 
better understanding with regard to its applicability and suitability for damage 
visualisation and quantification. 
This work represents a collaborative research project between the Institute of 
Polymer Technology and Materials Engineering (IPTME) and the Department of 
Mechanical Engineering at Loughborough University. The overall objectives of 
this research project were to investigate the applicability and feasibility of ESPI as 
an NDT technique as far as GRP composite materials were concerned. These 
objectives can be split into following aspects: 
• Evaluation of artificial defects 
3 
Chapter I: Introduction 
• A comparison study with conventional NDT techniques 
• Fringe pattern quality improvement 
• Evaluation of quasi-static loading induced damage 
• Evaluation of dynamic loading induced damage 
In order to achieve these objectives, investigation into excitation techniques was 
carried out for ESPI system with respect to damage evaluation. Three types of 
damage in GRP composite materials were deliberately introduced and evaluated 
and they are referred to the holes, cracks and delaminations, respectively. The 
damage evaluation capability of ESPI for GRP composite materials was validated 
using traditional NDT and destructive techniques. An optical phase stepping 
technique was employed to extract optical phase information, which lead to 
considerable improvement in fringe pattern visibility and readability. On the basis 
of an understanding of its effectiveness, ESPI was then employed to evaluate both 
the flexuralloading and impact loading induced damage in composite materials. It 
is anticipated that the conclusions and comments on future work which resulted 
from this study will lead to greater recognition and acceptance of ESPI as a novel 
NDT technique. 
This thesis is divided into seven chapters. Chapter 1 is introduction and Chapter 2 
is literature review. Literature review covers three areas. The first is a discussion 
of the defect regularly occurred in FRP composites. A good understanding of these 
defects was essential in order to set up the experimental progranune and interpret 
the experimental results. The second part of Chapter 2 is a general review of 
conventional NDT techniques as far as FRP composite materials are concerned, 
including ultrasonic scanning, acoustic emission, radiography, thermography, HI, 
ESPSI as well as destructive techniques. Their theoretical background, practical 
applications and limitations are briefly discussed and they highlighted the necessity 
for research and development into novel NDT techniques. The third section is 
dedicated to ESP!. Theoretical background and characteristics of ESPI are 
presented in details, which is the foundation for different research and practical 
applications. The optical phase data extraction and visualisation techniques are 
briefly presented. Finally the limited applications of ESPI to damage evaluation in 
4 
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a broad sense as well as some practical considerations with regard to excitation 
techniques are reviewed. 
Chapter 3 covers experimental work. It consists of materials, specimen preparation, 
and brief description of the testing specifications, equipment, procedures and some 
practical considerations involved in experimentation. Chapter 4 is concerned with 
experimental results of excitation techniques and evaluation of artificially 
introduced defects using ESP!. -. Chapter 5 includes the validation, optical phase 
data extraction and practical application of ESP! to evaluating the dynamic and 
quasi-static loading induced damage in GRP materials. A detailed description of 
validation of experimental results from ESP! using visual inspection, ultrasonic C-
scan and sectioning techniques is discussed in Section 1. A comparative study is 
presented in terms of geometrical characteristics and magnitudes of damage. 
Section 2 presents the optical phase data extraction from intensity fringe patterns 
using optical phase stepping techniques in order to achieve the fringe visibility and 
readability improvements. Section 3 examines the practical application of ESP! to 
monitoring the progressive development of damage when specimens are sUbjected 
to incremental flexuralloading. Section 4 is dealing with the application of ESP! 
to visualisation and quantification of damage introduced into composites by an 
instrmnented low velocity falling. weight impact tester as well as the development 
of correlation between the damage.and residual flexural properties. 
Chapter 6 presents the conclusions which essential1y supplement and highlight the 
experimental results and discussions associated with Chapter 4 and 5. Finally some 
suggestions and comments for future work are given in Chapter 7 in the context of 
improvements of damage visualisation and quantification. 
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Chapter 2: Literature ReView 
2.1 Defects in Fibre Reinforced Polymer Composites 
FRP composite materials have many unique properties and have been finding 
increasing applications in engineering community. Fundamentally FRP composites 
are composed of three main constituents. They are the reinforcement, the· matrix and 
the interface. Defects are likely to be introduced in different ways during 
manufacture and service processes. It is important to have a good understanding of 
commonly occurring defects in FRP composite materials in order to have a successful 
evaluation and quantification of them. 
There are many parameters involving manufacturing processes which are likely to 
result in the formation of defects (11). FIrst of all, there are different kinds of 
ingredients which are combined together to achieve the required performance of 
FRP composite components and structures. Secondly the chemical reactions 
associated with thermosetting composite materials can lead to the generation of heat 
and the liberation of the low molecular weight substances. Thirdly, different 
manufacturing techniques are employed to fabricate products according to different 
service requirements. The most commonly employed processing techniques are hand 
lay-up, sheet moulding compound (SMC), bulk moulding compound (BMC), resin 
transfer moulding (RlM), reaction injection moulding (RIM), filament winding, 
pultrusion and injection moulding (12). Finally the problem is further complicated as a 
result of thickness differenceS and the presence of slots, holes and inserts in order 
that components can be assembled into a complete structure. 
On the other hand, damage is more likely to be introduced during the use of FRP 
composite materials when they are subjected to different kinds of mechanical loading. 
FRP composite materials are mechanically degraded to a varying extent under static, 
impact and cyclic loading. Also it should be noted that environmental factors can 
6 
Chapter 2: LiJerature Review 
.......................................................................................................................................................... 
have an adverse effect on FRP composite materials namely high temperatures, rapid 
temperature variations, humidity, ultraviolet radiation and high energy ray 
bombardment 
The efficient use of FRP composite materials in engineering applications and success 
in damage evaluation requires a basic understanding of the crack initiation, 
incremental development and final catastrophic failure. FRP composite materials 
exhibit complex damage mechanisms under static and cyclic loading because of 
anisotropic characteristics with respect to their strength and stiffness. Instead of a 
predominant single crack which is often observed in most isotropic brittle materials, 
extensive damage throughout the specimen usually develops during the damage 
process. Cri a macroscopic level, basic failure mechanisms in FRP composite 
materials include plastics deformation, matrix cracking, matrix/fibre debonding, 
delamination and fibre breakage (13.14). Damage' varies widely depending upon 
materials properties, stacking sequence and type of loading. Any combination of 
these failure mechanisms can lead to the occurrence of damage which results in 
varying degrees of strength and stiffness reductions. 
2.1.1 Matrix Deformation 
Plastic deformation in the matrix of polymeric composites. is rarely discussed when 
considering failure processes. It is, however, a very important characteristic which 
is mainly responsible for the greater toughness and impact resistance exhibited by 
many of the current generations of fibre reinforced thermoplastics (FR'IP) 
composites in comparison with fibre reinforced thermosetting (FRTS) composites. It 
has been shown that matrices with high strains to failure offer excellent post impact 
compression properties when used in long fibre reinforced composites. The amount 
of shear deformation which occurs during failure can be determined by an 
examination of the fracture surface of a specimen with the help of a scanning electron 
microscope (SEM). The fracture surface indicates that the matrix has been 
considerably drawn which is a process involving a significant dissipation of energy. 
7 
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Shear flow in composites is likely to be highly desirable because it has the effect of 
blunting sharp cracks, resulting in the redistribution of the local stress fields. Double 
cantilever beam testing has demonstrated that specimens with a greater ability to 
undergo plastic flow possess a greater fracture toughness with respect to crack 
initiation. It is clear that plastic deformation· has little effect on FRP composite 
materials and does not lead to an immediate reduction in strength and stiffness. 
2.1.2 Fibre-Matrix Debonding 
When the fibre fracture strain is greater than that of the matrix, a crack originating at 
a point of stress concentration in the matrix is either halted by the fibre if the local 
stress is not high enough or it may pass around the fibre without destroying the 
interfacial bond. As the applied load is increased, the fibre and matrix attempt to 
deform differentially and a high level of shear stress is developed at the interface. 
When this shear stress exceeds the static interfacial shear strength, interfacial 
debonding occurs at the crack plane and extends some distance along the fibre. It has 
been recognised that fibre-matrix debonding represents a very localised failure 
mode which is often difficult to detect using conventional techniques (IS) • 
The amount of debonding within FRP composites depends upon the level of the 
surface treatment applied to the fibres during the manufacturing process. Generally, 
fibres with a low level of surface treatment would have a tendency to debond more 
easily because of the poor interfacial adhesion between the reinforcement and matrix. 
The resultant fracture surfaces are usually rough and strongly three dimensional when 
viewed using SEM. Highly treated fibres will debond less and fracture tends to be 
planar with cracks which are able to sustain much higher loading. 
Once the fibre has been debonded, an additional increase of loading will result in 
differential displacement between the fibre and matrix and a frictional force at the 
boundary between the two constituents. In GRP composite materials, sliding of post 
debonding represents one of the principal energy absorbing mechanisms which is 
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partly responsible for'the relatively high toughness associated with GRP composite 
materials. 
Fibre-matrix debonding does not. appear to have a significant effect upon the load-
carrying capacity of a composite. Under some circumstances it may have a desirable 
effect because debonding can reduce the stress concentration effect of a sharp crack 
or similar defect But debonding is susceptible to the ingress of water which can 
have an adverse effect on the overall properties of the composites. 
2.1.3 Matrix Cracking 
Matrix cracking is thought to be the first significant damage and a very common 
mode of failure in FRP composite materials. In general, matrix cracking includes 
splitting which refers to the long cracks parallel to the fibres either in the matrix or 
within the interfacial region. Matrix cracking is commonly localised and difficult to 
detect With increasing load, the density of cracks increases and appears to stabilise 
at a unique value for it given laminate .. Although matrix cracking would not lead to 
significant reductions of mechanical performance, it can act as a precursor of 
delamination which is regarded as a more detrimental mode of damage. In the case of 
impact loading on a flexible target, matrix cracking would initiate at the lower surface 
of an object under study and propagate upwards through the laminate. 
2.1.4 Delamination 
Delamination has long been recognised as one of the most important failure 
mechanisms exhibited by FRP composite materials. It has already been shown that 
delamination is the most difficult damage mode to deal with quantitatively (I6J1). The 
growth of delamination under monotonic or cyclic loading may result in a drastic 
reduction of strength and stiffness of a laminate. The strength and stiffness reduction 
9 
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due to delamination varies depending on the .de1aminated area and type of loading for 
a given laminate. 
The driving force for deJamination is the mismatch in elastic constants between 
adjacent plies which result in high interlaminar stresses. Analysis has shown the 
existence of inter1aminar stresses along the free edge region of composite laminates in 
the presence of an in-plane unia:tialloading (18) • Of the interlaminar stresses. normal 
stress plays a significant role in the initiation and propagation of delamination. 
. Although delamination is normally initiated at a free edge but it can also occur at 
intersections of matrix cracks in adjacent plies. There are some analytical models 
aviillable to predict the delamination growth which are based on the fracture criterion 
and the strain energy release rate (19). However there has been limited success for • 
these models applied to FRP due to the complexity of delamination. The low velocity 
impact induced damage is a typical example of delamination. Small areas of 
delamination are likely to lead to considerable reductions of mechanical properties in 
such materials. 
2.1.5 Fibre Breakage 
Since fibres represent the principal loading-bearing constituent in FRP composite 
materials. fibre breakage can have an adverse effect upon both strength and 
stiffness (20). Fibre breakage in composites may occur for a number of reasons. 
Transverse impact loading often leads to the formation of localised fibre breakage at 
the beginning of impact Compression fatigue cycling also has been shown to result 
in the generation of fibre breakage in 1arninated materials. It has been suggested that 
fibre breakage could be the most detrimental factor in lowering the tensile strength of 
a composite (15). Additional fibre ends formed as a result of fibre breakage are 
thought to be suitable sites for the initiation and growth of fibre/matrix debonding 
due to the high shear stresses at the interface near the end of a fibre. Investigations 
have been carried out to measure the energy required to fracture FRP composites but 
10 
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the experimental results are not very satisfactory. It is clear that the energy of fibre 
breakage is considerably greater than that for matrix dominated failure mechanisms. 
Consequently energy can be dissipated and absorbed in small areas. Fibre breakage is 
the principal energy absorbing mechanism associated with complete penetration 
impact tests on FRP composite materials. 
2.1.6 Combination of Different Failure Modes 
The characteristics of damage in FRP composites under mono tonic and cyclic loading 
are always the concurrent development of the different categories of damage outlined 
in proceeding sections. In the general case, different .forms of damage have a 
tendency to present and interact in complex ways. This leads to difficulties in 
understanding of characteristics of the damage process. It should be noted that the 
problem is further complicated due to the fact that FRP composite materials are 
heterogeneous and anisotropic to varying degrees. Linear elastic fracture mechanics 
developed for homogeneous and isotropic materials is not readily applicable to FRP 
composite materials (18,21). It is not necessary for all failure mechanisms to operate 
simultaneously for a given system. In some case one of them may contribute 
predominantly to the failure; . 
Low velocity impact event induced damage is a good example in which different 
kinds of failure modes are readily recognisable. An indentation on front surface is an 
indication of plastic deformation. A crack on back surface is associated with the 
matrix cracking, matrix/fibre debonding and fibre breakage. Delarninationis 
developed internally. These kinds of damage will contribute to a drastic reduction of 
strength and stiffness in the laminates. Of these delamination is regarded as the 
predominant damage mode. 
11 
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2.2 Conventional Non-destructive Testing Techniques 
NDT of FRP composite materials is becoming ever-increasing important because 
traditional destructive evaluation techniques are no longer physically and 
economically viable under most circumstances. Different NDT techniques have been 
developed and there has been varying success in damage evaluation for different 
kinds of materials. The commonly employed NDT techniques are visual inspection, 
penetration testing, coin-tap testing, acoustic emission, ultrasonic scanning, 
radiography, thermography, holographic interferometry, electronic shearography and 
dynamic property measurements (22-24). All established NDT techniques have their 
own advantages but suffer form their inherent limitatioDS.· This reality leads to the 
need of research and development into novel NDT techniques. Another reason is 
that the ever-increasing applicatioDS of high performance composite materials to 
engineering fields require the availability of more convenient and efficient damage 
evaluation techniques. 
As far as FRP composite mate&1s are concerned, there has been considerable 
success in damage evaluation using different NDT techniques (25-27). In this section, 
the commonly employed NDT techniques for damage detection in FRP composites 
will be briefly discussed with emphasis on their capabilities and limitations. The 
techniques considered are ultrasonic scanning, acoustic emisSion, thermography, 
radiography, holographic interferometry, ESPSI as well as destructive sectioning 
techniques. More detailed discussion concerning the principles, theories and practical 
applications associated with these techniques are given elsewhere (28) • 
2.2.1 Ultrasonic Scanning 
mtrasonic inspection is accomplished by introducing electronically controlled pulses 
into a material from an outer surface. The ultrasonic energy then travels within the 
12 
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material and finally reaches an outer boundary. Material conditions are diagnosed 
from the characteristics of received ultrasonic energy. 
NDT can be accomplished either by pulse-eChO inspection or through-transmission 
inspection depending upon the specific requirements. Pulse-echo is the technique 
where a pulsed ultrasonic beam is transmitted through a coupling agent into the 
material under study and travels to another surface of the material. The pulse is then 
reflected back to a transducer which mayor may not be the transmitting transducer. 
Flaws in the material will reflect or scatter part of the incident energy. Therefore, a 
flaw echo will appear on the oscilloscope at the location corresponding to flaw depth 
in the material. Through-transmission is used in several cases, particularly for highly 
attenuative material where a pulse echo trip results in significant loss in signal 
amplitude. The instrumentation used in pulse echo testing can be readily employed in 
through-transmission testing. Because only one trip through the material is required 
in through-transmission testing, the oscilloscope indication will be only one-half the 
distance from the time zero to the location of the signal pulse. Flaws are indicated by 
the loss or reduction of energy through the materials. 
Three modes of applications can be undertaken with respect to ultrasonic scanning. 
They are referred to as A-scan, B-Scan . and C-scan, respectively. The A-scan 
produces infonnation concerning the quality at a single point The amplitude of the 
arriving signal and its position relative to those of the signals corresponding to the 
upper and lower surfaces of the target gives an indication of the severity and the 
through-thickness location of the damage or defect The B-scan is essentially a linear 
collection of A- scan which is equivalent to scanning a slice through the sample. The 
third is the ultrasonic C-scan which has been proved to be the most popular and 
useful of all scanning techniques. In C-scan the component is typically placed above a 
glass plate immersed in a water bath. The transducer sweeps backwards and forwards 
across the component, receiving and analysing the signal reflected from the upper 
surface of the glass plate. The data is analysed by time gate which converts the 
amplitude of the largest signal into a voltage and the data presented on a monitor for 
post analysis and interpretation. 
13 
Chapter 2: Literature Review 
.................................................... ~ •••••••••••••••••••••••••••• u ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Ultrasonic C-scan technique is ideally applied to the detection of some kinds of 
defects. As far as NDT of composite materials is concerned, ultrasonic C-scan is 
preferentially employed because it can produce fairly satisfactory results in 
comparison with other conventional NDT techniques. There have been a number of 
research projects carried out concerning the investigations into failure mechanisms 
and identification of damage in FRP composite. materials (29-31) • In addition, 
ultrasonic scanning techniques have been successfully employed to evaluate the 
degradation of polymer composite materials subjected to different environmental 
ageing conditions (32-35) • 
Although ultrasonic scanning has been already demonstrated to be a successful NDT 
technique for FRP composite materials, it suffers from some inherent disadvantages. 
The success of damage evaluation depends to a great extent upon the coupling of the 
ultrasonic transducer with the . material. Ultrasonic waves have a tendency to 
attenuate drastically in air, especially at higher testing frequencies. In addition, 
differences in the acoustic impedance of air and of solid materials cause most of the 
ultrasonic energy to be reflected at the surface of the solid rather than to be 
propagated in it Consequently, a liquid coupling agent or direct transducer contact 
is necessary to introduce the ultrasonic energy into solid materials. Uquid coupling 
agent can be water in a tank where the object is immersed. A jet of water ejected 
from the nozzle has to be used to provide a sound path to test large components and 
structures as well as honeycomb structures which will float on top of water as a result 
of their lower density. 
It should be noted that excessive attenuation of ultrasonic waves in some materials 
can lead to the failure of damage evaluation using the ultrasonic scanning technique. 
There is a need to understand the responses of materials to ultrasonic waves prior to· 
evaluation. This can be especially troublesome when evaluating small defects. This 
problem is further compounded due to the reality that most FRP composites 
components and structures have complex geometry. Furthermore scanning is not a 
whole field testing technique and there is a requirement for tedious scanning 
procedures in order to inspect large surface areas. 
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The ultrasonic C-scan technique may not be able to detect fibre fracture, matrix 
cracking or the micro-mechanical damage mechanisms. In addition, the ultrasonic C-
scan technique produces only a two-dimensional view of the defect or damage zone, 
giving no through-thickness data. More infonnation can be obtained from a time-of-
flight analysis in which data from the A-scan and C-scan techniques are combined to 
give rise to a three-dimensional presentation of the damage zone. It is recommended 
that ultrasonic scanning technique is employed in conjunction with other NDT 
techniques or destructive testing techniques in an attempt to achieve a higher 
acceptability and reliability in damage evaluation under critical circumstances. 
2.2.2 Acoustic Emission 
Acoustic emission, sometimes called stress wave emission, involves. transient 
mechanical vibrations generated by the rapid release of energy from localised sources 
within materials. Stress or some other stimulus is required to generate emissions. In 
general, acoustic emission can be used to monitor the variations of materials 
conditions in real time and to determine the location of these emission centres as well. 
Since it is a passive technique, no equipment is required to produce a pulse. It is 
highly sensitive to crack and delamination growth and locations of growing defects 
can be readily determined.· Additional advantages are its ability to monitor an entire 
system at the same time. With remote monitoring it can be used in hostile 
environments. Furthennore, an Object under study can usually remain in operating 
condition during the testing process and entire structures can be inspected at a 
reasonable cost. It has been proved that acoustic emission is an ideal alternative for 
long tenn in-service mOnitoring techniques ('6,37) • One recent development with 
respect to acoustic emission is the thenne-acoustic technique in which polymer 
composites are heated up either in an oven or by a heater (,a) • In addition to the 
thenno-acoustic technique, acoustic-ultrasonic techniques have been developed as an 
alternative ('9) • 
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The primary applications of acoustic emission in FRP composite materials is 
concerned with the assessment of damage status, failure mechanisms and failure 
locations. Real-time monitoring can be carried out on specimens subjected to 
different loading conditions such as tensile, compressive, fiexural, fatigue and thermal 
differential stressing (40-42). An interpretation of acoustic emission signal parameters, 
such as acoustic emission event counting, amplitude distributions, frequency 
distribution and duration time are employed to characterise the damage development 
because different failure mechanisms will give rise to unique acoustic events. Shiwa et 
al(43) reported that it was generally correct to correlate low, intermediate and high 
amplitude distributions to matrix cracking, delaminations and fibre breakage, 
respectively. Similar correlation was established by the real time frequency analysis 
of acoustic emission signals suggested by DeGoot and his co-workers (44) • 
Unfortunately acoustic emission suffers from some inherent limitations. In nature, 
acoustic emission mOnitoring systems are passive devices. They simply listen to 
sounds generated by defect initiation and development They can not detect stabilised 
defects. The details of defect can not be clearly determined. Because not all 
materials emit sound waves from defects under load and the propagation of sound 
may be dampened depending upon the characteristics of materials, it is necessary to 
supplement the experimental results with other NDT techniques especially under 
critical circumstances (45.46) • It is also important to take the geometry of the object and 
possible sensor placements into consideration. Furthermore, the great sensitivity of 
the monitoring system presents some problems. Electrical interference and ambient 
noise must be filtered out of emission signals and the multiple number of travel paths 
from the source to the sensor in complex structures can make signal identification 
difficult The selection of acoustic emission parameters for analysis and correct 
interpretation is somewhat difficult and subjective. Russell et· al(47) have critically 
examined acoustic emission applicability and discussed its essential features as well 
as its limitations. 
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'2.2.3 Radiography 
Radiography has been widely employed to evaluate the structural integrity of FRP 
composite materials non-destructively. It is capable of identifying damage such as 
matrix cracking, de lamination as well as extensive fibre fracture. If a fine grain film 
and relatively high voltage are applied, small size defects can be detecte d. 
Penetration enhanced in-situ radiography enables real-time analysis of the processes 
involved in the damage development which can provide considerable information 
with regard to the mechanisms of deformation and failure in composite materials. It 
has been demonstrated that radiographic inspection of polymeric composites could 
reveal useful information about discontinuities such as voids, entrapped foreign 
materials, matrix cracks, resin-rich or resin-starved areas (48-51) • 
Like all' techniques radiography has certain disadvantages. FIrst of all, the 
accessibility to the opposite surface of an object under investigation is always 
required. For the detection of cracks, a ray )Jeam must be oriented nearly parallel 
to the cracks. Secondly, radiation sources are expensive to generate and operate. X-
radiation and gamma radiation are health hazards. It is, therefore, necessary to close 
off the area when making exposures in order to avoid exposing the public to 
radiation. Personnel who operate radiography must be qualified to work with 
radioactive sources. Fmally, the resolution of the technique is limited in regions 
where damage is severe. Identification of the various failure modes in FRP 
composite materials is difficult in radiography. In most circumstances there is the 
necessity to employ radiography in combination with other NDT techniques in order 
to make a reliable damage evaluation. 
2.2.4 Thermography 
Thermographic inspection includes all methods which use heat sensing devices or 
substances to measure the resultant temperatures and thermal gradients of an object 
under study when it is heated up or cooled down. It is related to the differential 
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absorption and dissipation of heat in a damaged composite. structure. Flaws and 
other irregularities are identified by correlating the observations with pre-established 
standards. 
The effectiveness of thermographic techniques depends upon the thermal 
conductivity of the materials under examination. Two methods are used to generate 
thermal fields for damage detection. The first is referred to as Externally Applied 
Thermal Field (EATF) in which an external heat source is applied to structural 
surfaces in order to generate thermal gradients in the structure. Without flaws 
isotherms would exhibit a good uniformity. In the case of the presence of a flaw or 
damaged region, the discontinuous thermal conductivity would cause a perturbation 
in the heat flux. and temperature field, leading to degradation of unifOrmity of 
isotherms. The second is called Stress Generated Thermal Field (SGTF). Although 
most materials can be considered as linear elastic over a significant portion of their 
loading range, there is always a hysteresis loop when subjected to loading and 
unloading. The energy generated in a cycle of loading and unloading is dissipated in 
the form of heat The greater the stress and deformation is in magnitude, the higher 
the generated heat is. Since cracks, flaws and damaged areas will act as stress 
concentration under applied stress, the heat generated in cycles of loading and 
unloading will be maximised. Polymer matrix composites have low thermal 
conductivity and hysteresis which lead to the formation of hot spots in the region 
immediately adjacent to the flaws. 
Thermography is a whole field, non-contacting, safe and rapid technique which has 
been employed to evaluate the structural integrity of different FRP composite 
materials. Research by Mcuiughlin et al(52) was concerned with investigations into 
the potential of thermography to eXanllne large and complex polymer composite 
structures without the need for sophisticated data processing and interpretation. Both 
EATF and SG1F were employed to evaluate the damage. Experimental results 
indicated that delaminations, blind surface impact damage and surface cracks can be 
detected by infrared thermal field techniques (53.54). A variation on this technique is a 
18 
Chapter 2: Literature Review 
.......................................................................................................................................................... 
vibro-thennography in which low amplitude vibrations are applied in order to induce 
localising heating in a structure and data is collected via an infra-red camera (55,56) • 
Thermography also has some disadvantages. If the object surface contains different 
materials, it will present a range of surface emissivity which lead to the difficulties in 
interpretation of experimental results. Low emissivity surfaces do not emit enough 
radiation for adequate measurements so it is necessary to apply coatings to surfaces. 
Reflected radiation and extraneous background thermal noises has an adverse effect 
on experimentation. There is a need to improve its sensitivity in order to discriminate 
smaller temperature differentials related to the defect in composite materials. It is 
claimed that thermography is unlikely to produce any information which is not found 
in ultrasonic C-scan (22) , 
2.2.5 Holographic Interferometry 
The theoretical background and mathematical description of basic holographic 
interferometry (Ill) and its variation have been discussed elsewhere in detail (51). ID 
has been successfully employed to surface displacement measurements, strain 
measurements, contouring and vibration mode studies of different components and 
structures. ID has potential to be extended in the NDT community. To a certain 
extent defects usually induce the anomalies in the displacement field and vibration 
mode. The defects can be readily diagnosed by interpreting the interferograms. It 
has been reported that many attempts have been made to apply ID to the NDT 
community, The suitability .and applicability of ill as a NDT technique was 
experimentally demonstrated, Its applications were concerned with the detection of 
laminate structures, composite materials, cylinder bores, turbine blades, pneumatic 
tyres as well as solid propellers (SS-59) • 
The main handicap of ill is the stringent stability requirement of the operational 
. environment The extraordinary high interferometric sensitivity to displacement 
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necessitates that the components under investigation and the surrounding 
environment must be extremely stable. This is further complicated by the recording 
time which is a function of the recording medium sensitivity, component size and 
available laser power. The required exposure time is usually in the order of seconds 
or tens of seconds for holograms. In addition, the chemical photographic processing 
of holograms is laborious, time consuming and cumbersome. ID has unfortunately 
been confined to laboratories to a great extent and found limited industrial 
applications due to its disadvantages. 
2.2.6 Electronic Speckle Pattern Shearing Interferometry 
Electronic speckle pattern shearing interferometry (ESPSl), also called electronic 
shearography (ES) or simply shea,rography, is another laser optical interferometric 
methodology. ESPSI gets its name from the shearing characteristics of the camera 
used. ESPSI was originally developed. to measure the object surface strain 
distributions using a special optical configuration which is capable of differentiating 
the object surface displacement field optically (60,61). There are two types of optical 
arrangement for ESPSI. The first is based upon a skewed Michelson configuration in 
which the object is illuminated by a single wave front inclined a small angle and 
viewed throng the Michelson interferometer. It has great flexibility to change the 
shearing direction and magnitude but with low illumination efficiency. The second 
type of ESPSI employs a thin transparent glass wedge located in the iris plane of the 
lens which covers half of the lens aperture. It has a good illumination efficiency but 
low flexibility. Both optical configurations haven been employed for ESPSI. Like 
other laser optical measurement and testing techniques, ESPSI has been 
demonstrated to have potential in NDT for damage evaluation of FRP composite 
components and structures. 
ESPSI has been recognised as a viable NDT technique due to the fact that it is 
capable of making a full field, non-contacting and real time measurements of 
displacement derivative fields. Unlike ESPI, the fringe patterns represent surface 
20 
Chapter 2: LiJerature Review 
.......................................................................................................................................................... 
displacement derivatives with respect to the shearing direction instead of the 
displacements. In theory, surface, subsurface and interior defects usually cause" 
strain concentrations around periphery of defects. Since strain concentrations induce 
perturbation and irregularity on the surface displacement derivative fields, the 
anomalies on a shearogram can be recognised and correlated with defects in the 
materials. ESPSI measures the first derivatives of displacements in shearing direction 
so rigid body motion does not produce strain and strain concentrations can be easily 
revealed (62,63) . , ...... 
ESPSI has been successfully employed to the damage evaluation in FRP composite 
materials (64-70) . Like "an other NDT techniques, ESPSI is by no means perfect. 
There are difficulties for ESPSI to visualise and quantify the defects because the . 
damage evaluation is on the basis of anomalies in the displacement gradiimt fields. 
The interpretation of fringe patterns from ESPSI has been proved to be. more difficult 
and arduous than that with ESP!. It would require additional equipment and data· 
processing to integrate the strain field for direct and intuitive defects visualisation and 
quantification. 
2.2.7 Destructive Testing 
Although destructive testing techniques lead to partial or even complete destruction 
of composite components, they can reveal direct and detailed information with 
respect to internal damage. Information concerning damage initiation, incremental 
propagation and the final failure of defects in materials can be roughly figured out by 
studying the morphology of cross sections. This is the reason why destructive testing 
techniques are regarded as being very useful to· verify the effectiveness of different 
NDT techniques. Many destructive techniques have been employed to characterise 
the structure and performance of different kinds of materials. As far as FRP 
composite materials are concerned, the most common destructive techniques are 
thermal deplying, sectioning and SEM(20) . 
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The thermal deplying technique involves with placing an object in an oven. The 
object is heated up to the temperatures at which polymeric matrix thermally degrades. 
Then the individual ply can be separated using a razor blade and then studied for 
damage at the ambient temperatures. Fibre fracture can be easily identified and 
quantified by observing the deplied sections. In order to identify the delaminated 
areas, a solution is applied to the damaged area before deplying to highlight the 
damage. It should be noted that thermal deplying is useful for examining large areas 
of damage such as those introduced by impact loading but it is difficult to identify 
some damage mechanisms such as matrix cracking. 
Sectionlng techniques in conjunction with optical microscopy are frequently 
employed to identify failure modes an~ degrees in polymer composite materials (70-72) • 
Generally, the sample under examination is sectioned, ground and polished. When 
viewed under an optical microscope, the detail of fibre fracture, matrix cracking and 
delarnination can be readily identified. The major disadvantage of the technique is 
that it is laborious and yields only a 2D view of the damage zones. For certain 
materials it can be difficult to identify the matrix cracking. The common and 
convenient solution to this problem is to apply a fluorescent dye to the material in an 
attempt to highlight the damaged areas. When viewed using an optical microscope, 
the damaged areas with fluorescence will be more easily identified. 
A great deal of information can be obtained by observing the fracture surface of 
failed components using SEM (71-75). The specimens are usually coated with a thin 
layer of gold in order to ensure that electrons are conducted. SEM is an excellent 
post failure analysing technique which has been extensively applied to determination 
of the fracture morphology of different kinds of composites. Failure mechanisms such 
.~.. . 
as fibre fracture, delarninations, shear yielding and matrix cracking can be 
microscopically identified. 
Although there have been varying degrees of success in damage evaluation ·using 
established NDT techniques, all of them suffers from their own inherent limitations 
and disadvantages. Ultrasonic C-scan technique has a high sensitivity to 
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deIamination and voids but water immersion or application of water jet for coupling 
is a big problem under most circumstances and may cause performance deterioration 
of composites due to water ingress. It is also difficult to apply ultrasonic C-scan to 
the evaluation of components and structures with complex geometry. Radiography is 
a fast inspection technique and offers good imaging quality for complex parts but it 
has a limited sensitivity to delaminations. Also the radiation source is expensive and 
dangerous. Thermography is very susceptible to interference at ambient temperatures 
and has limited sensitivity to some materials. III is considerably sensitive to 
environmental disturbances and is time-consuming. ESPSI has great potential for 
damage evaluation but the shearing image results in difficulties for the quantitative 
determination of damage characteristics. 
Successful damage evaluation in FRP composite materials has proved to be an 
arduous task. Further improvements and developments in NDTtechniques are 
necessary in order to achieve a greater degree of reliability and efficiency. There are 
two ways to achieve these expectations. The first is the application of different 
techniques in combination to benefit the overlapping advantages. This has been 
widely practised in many circumstances. The second is the research and development 
of novel NDT techniques. ESPI is an whole-field, non-contact and real-tiJne 
measurement system of displacement field of an object. These characteristics of 
ESPI determined that it has great potential to be employed for damage evaluation. 
This potential will be investigated in detail in this thesis. 
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2.3 Electronic Speckle Pattern Interferometry 
Electronic Speckle Pattern Interferometry (ESPI) is a non-contact, whole-field and 
real-time measurement system and has promising potential to be employed for 
damage evaluation in polymeric composite materials. To provide further 
understanding of the ESPI technique, a summary of theory of laser speckle and 
correlation fringe formation together with the optical phase extraction techniques 
are presented in this section. This is followed with a survey of the literature in the 
context of application of ESPI to the damage evaluation in different materials. A 
detailed mathematical description concerning ESPI is presented in Appendix B. 
2.3.1 Speckle Phenomenon 
Speckle is formed due to the constructive and destructive interference of light 
scattered by an object surface. When an optically rough surface is illuminated by 
coherent light, the scattered light from the surface gives rise to the appearance of a 
random distribution of speckles with varying brightness. An optically rough 
surface in this case is one in which the variation in surface height is of the order of 
or greater than the wavelength of light. 
There are two forms of speckle, namely objective and subjective speckle. Object 
speckle is the random spatial variation in intensity of the light in free space 
scattered from a rough surface illuminated with laser light. Each point acts as a 
source of spherical waves. At any point above the surface the complex amplitudes 
of the scattered light is given by the sum of the complex amplitudes of the 
contributions from each point. Apparently the resulting random variation in 
intensity is the speckle effect. The size of the speckle is the statistical average of 
the distance between adjacent regions of maximum and minimum brightness. 
When an image of a source illuminated with laser light is formed, then there is a 
similar random variation in intensity found in the image plane as in free-space 
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above the surface. This is referred to as subjective speckle because the speckle size 
is modified by the viewing system. The spatial distribution of the speckle is 
determined by the diffraction limit of the imaging system. The speckle size is 
therefore dependent on the aperture of the viewing lens. 
When small displacement or deformation is introduced in an object illuminated by 
a laser, the intensity of individual scattered component from the resolution area 
remains constant and the optical phase change for each component is 
approximately equal. This implies that the position of each speckle remains 
substantially the same. In this case the optical phase of each speckle in the image 
plane contains information on the displacement and deformation of the object 
surface. 
While a mutually coherent wave front is introduced to the speckle pattern as a 
reference beam. the intensity of each speckle is then a function of the phase 
between the two wave fronts, which in turn is related to the object surface 
displacement and deformation. Surface displacement and deformation can be seen 
as differences in the speckle intensities, namely the differences between two phase 
referenced speckle patterns, one recorded in a deformed state and another in an 
undeformed state. Two speckle patterns can be correlated electronically either by 
subtraction or addition manipulation of the referenced speckle patterns in the two 
states. Differences between the speckle patterns are revealed by the alternate bright 
and dark stripes which are referred to as the correlation fringe patterns. The 
correlation fringe patterns represent the displacement and deformation fields of an 
object surface under study (76-80) • 
2.3.2 Fringe Correlation by Image Subtraction and Addition 
When two wave fronts are travelling past a given point in an object illuminated by 
a laser beam, the total amplitude of the displacement at that point is given by the 
sum of the individual displacements. 
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2.1 
Any relative optical phase change between the two wave fronts due to the 
displacement or deformation of the object surface under different loading 
conditions will cause the intensity to change to: 
2.2 
Speckle patterns can be correlated by subtraction and give rise to the correlation 
fringe patterns due to the constructive and destructive interference. The fringe 
patterns represent surface displacement and deformation of the object under study. 
The subtraction can be described mathematically as 
2.3 
When Ill/! = (2n + l)n , n = 0,1,2 ... , [sub has maximum value which corresponds 
to maxima in fringe brightness (light fringe centres). Similarly, when IlIP = 2nn, 
n = 0,1,2 ... , [sub has a minimum value that corresponds to minima in fringe 
brightness (dark fringe centres). 
It can be seen in Equation 2.3 that the background intensity terms [A and [B are 
removed during the subtraction correlation. Because a better signal-noise ratio 
(SNR) can be achieved by the subtraction correlation, it has been preferably 
employed. In this case the inherent problems of poor visibility of the fringe 
patterns can be alleviated to a certain extent. The number of fringes indicates the 
extent to which the object has been deformed. It is apparent that the closely spaced 
fringes represent greater surface displacement and deformation than the widely 
spaced fringes. 
Speckle patterns can be similarly correlated by the addition manipulation and can 
be described mathematically as 
ladd = 2/A + 21B + 4-JIAIB cos( ifJ + ~ ~ifJ) cos ~ M) 2.4 
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When /:;.ifJ == 2n7r, n==l, 2, 3 ... , the I,dd has a maximum value which corresponds to 
maxima in fringe brightness (light fringe centres). When /:;.ifJ == (2n + 1)7r , n=O, 1, 
2, 3 ... , I,dd reaches a minimum value which corresponds to minima in fringe 
brightness, namely the dark fringe centres. 
Comparing subtraction correlation with addition correlation, it can be seen that the 
values of /:;.ifJ corresponding to dark fringes in subtraction correlation produce the 
bright fringes in addition correlation and vice versa. It is apparent that the visibility 
of fringe pattern by addition correlation is comparatively poorer than that by 
subtraction correlation because the background illumination terms I A and I B can 
not be removed. Image addition correlation is usually used in pulsed ESPI and 
time-average ESP!. Some techniques have been recommended in an attempt to 
enhance the visibility of addition correlation fringes (81.82.83) • 
When speckle patterns are correlated to form fringe patterns, it is assumed that 
neither the displacements which give rise to the phase variation causing fringes, nor 
other displacements not contributing to this phase variation, significantly alter the 
random phase and amplitude of an individual speckle. As far as random phase is 
concerned, this assumption is approximately correct when the fringe spacing is 
-
much greater than speckle size .. However, as the fringe spacing approaches the 
speckle size, the approximation is no longer valid and correlation coefficient is 
reduced. When the fringe spacing is equal to the speckle size, the correlation 
coefficient is zero. As far as random amplitude is concerned, this assumption is 
valid only when displacements are less than some minimum value which depends 
on the kind of displacement involved and viewing geometry. Excessive out-of-
plane transition, rotation and in-plane transition and rotation will lead to the 
degradation or complete loss of correlation fringe patterns. 
2.3.3 Out-oC-plane and in-plane displacement sensitive ESP! 
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The out-of-plane displacement can be isolated by a specific optical configuration 
which is sensitive to object displacements normal to the plane but insensitive to 
displacements in the plane of an object. The object under study is illuminated by a 
divergent coherent laser wave front at a small incident angle to the object surface. 
The light scattered by the object is imaged by a viewing lens and integrated with a 
smooth reference wave front behind the lens which is introduced by a beam splitter. 
The object wave fronts and reference wave fronts interfere on the faceplate of a 
camera and give rise to the speckle patterns. The fringe patterns corresponding to 
the out-of-plane displacement are electronically produced by subtraction 
correlation or addition correlation manipulation in a frame store. Between adjacent 
fringe centrelines of the same intensity, the object surface displacement is 
The optical arrangement of in-plane displacement sensitive ESPI only have 
sensitivity to the object displacement parallel to the plane of the object. The object 
is illuminated by two coherent collimated laser wave fronts at equal but opposite 
incident angles which is normal to the object surface. Practically the dual-beam 
arrangement is often implemented by placing a mirror normal to the object surface 
and aligning a single beam so that its centre is located at the vertical edge of the 
mirror close to the object. Between the adjacent fringe centrelines of the same 
intensity, the object surface displacement is 
2A 
u=--
sine 2.6 
2.3.4 Optical Phase Distribution Extraction 
Correlation fringe formation is usually straightforward but the resultant correlation 
fringe patterns suffer from some inherent problems which lead to the difficulties in 
interpretation of experimental results (84-&6) • The first is the poor quality of 
correlation fringe patterns due to the fact that there is an overlap in frequencies 
between noise and signal at some spatial frequency range. In this case, the 
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conventional noise reduction techniques are not applicable as a result of 
considerable signal to noise ratio (SNR) degradation. The second problem is the 
ambiguity of the direction of the displacement which is an important parameter in 
engineering measurement and testing. The third is the intensity variations as a 
consequence of varying speckle field intensity distribution over the surface of a 
complicated component shape. These problems need to be resolved in order that 
ESPI can be employed as a more effective engineering measurement and testing 
methodology. This leads to the consideration of employing optical phase 
information to visualise the displacement and deformation of the object surface 
under study. 
The optical phase extraction has been applied to many types of 
interferometers (87.88). A determination of the interference optical phase distribution 
from the digitally recorded and stored interference patterns can lead to a 
quantitative interferometric measurement which have received a lot of attention.' 
This aspect of optical phase extraction is beyond the scope of this research and has 
been discussed in detail elsewhere (89-91) • 
Another important feature of optical phase distribution technique is that the optical 
phase of the wave front under study is detennined independently at each point .. 
There is no need to consider data at other points in the image. The noise rejection, 
therefore, can be achieved without deteriorating the optical phase data around in 
the fringe patterns. It is significantly different from conventional image processing 
techniques. To enhance the correlation fringe patterns quality and suppress speckle 
disturbances is the main concern in this research project. Improvement of visibility 
and readability of fringe patterns is considerably helpful to damage evaluation in 
FRP composite materials. 
Optical phase distribution is intrinsically embedded in the intensity fringe patterns 
and appropriate techniques are required for the detennination of the optical phase 
distribution from the recorded and stored intensity fringe patterns. In practice, a set 
of intensity fringe patterns are recorded by a TV -camera and subsequently digitised 
into a rectangular array of pixels and quantified into discrete grey scale values. 
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This optical phase distribution is calculated pixel for pixel by computer according 
to different algorithms and then combined with geometry data describing the 
optical arrangement to produce the measured optical phase values. 
A number of phase information extraction techniques have been developed, 
including skeletonising, temporary heterodyning, phase shifting, phase stepping 
and Fourier transform evaluation. The mathematical derivations with regard to 
these techniques, their advantages as well as limitations are discussed in detail 
elsewhere (89,91,92). A comparison of these methods was carried out and practical 
examples were presented. It has been widely recognised that optical phase stepping 
technique is the best choice for determination of optical phase distribution (93.94,95) 
in terms of reliability and simplicity. It is, therefore, employed to extract the optical 
phase data in this project. The principle and theoretical background of phase 
stepping is briefly presented as follows. 
An implementation of optical phase stepping processes into a speckle 
interferometer is a matter of matching a particular variant of the technique to the 
specific operational conditions. As mentioned above, there have been a number of 
phases stepping methods and algorithms available (91,96). Determination of the most 
suitable method is a function of understanding of the experimental conditions and 
the characteristics of the individual method. Two generalised rules of thumb 
immediately come into play. The fewer frames acquired the faster the image 
grabbing process and phase calculation is. The more frames acquired, the greater 
the accuracy of the phase calculation can be achieved. 
It is of significant importance that there is only optical phase changes being 
introduced by PZf in a controlled manner during the image acquisition period for 
optical phase extraction. Errors can occur due to the phase drift during the image 
acquisition process. Consequently steady state object events such as static and 
resonant deformation and displacement can be considered being the candidates for 
optical data extraction in the carefully controlled laboratory conditions. 
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The optical phase data extraction by phase stepping technique relies upon the 
ability to acquire several frames of information while a known phase step between 
successive frames is introduced. Phase stepping is introduced by varying the 
relative phase between the two-interferometer beams, which is normally 
implemented by placing a mirror on a PZT in the path of a beam. 
1 -1 l/J(x,y) = arctan ] 3 
212 - I] - 13 2.7 
Similarly, the calculation of second set of speckle patterns corresponding to the 
object in its deformed state is repeated to get the corresponding phase values pixel 
for pixel. Consequently the optical phase difference between the deformed and the 
undeformed states is detennined by pointwisely subtracting the two-phase 
distributions: -
fll/J(x,y) = l/Ju(X,y)-l/Jd(X,y) 2.8 
where the subscript u denotes the undeformed state and d denotes the deformed 
state, respectively. This differentiation leads to the visualisation of the subject 
surface displacement in terms of optical phase which is characterised by a great 
improvement of visibility and readability. 
The optical phase difference 11~ is "sawtooth" phase fringes which represent the 
target surface displacement. Discontinuities occur every time when 11~ changes 
by 277:. The absolute value is lost when the optical phase term is wrapped upon 
itself with a repeat of 277: due to the fundamental sinusoidal nature of the wave 
functions used in the measurement of physical properties. The absolute values can 
be calculated by phase unwrapping or phase demodulation manipulation. Phase 
unwrapping is the process by which the absolute value of the phase angle of a 
continuous function that extends over a range of more that 277: is recovered (96) • The 
basic principle of phase unwrapping is to integrate the wrapped phase angle 11~ 
along a path through the data. At each pixel the phase gradient is calculated by 
differentiation: 
2.9 
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where n is the pixel number. If lilJll exceeds a certain threshold such as 71:, then 
a phase fringe edge is assumed. The phase jump is corrected by the addition or 
subtraction of 271: according to the sign of /1lJ1 and then a current fringe order 
number counter N can be maintained so that the optical phase at any point is given 
by /1lJ1 + 27t:N. Unwrapped optical phase map is characterised by a continuos 
variation of grey scale values (0-255) which can be calibrated with respect to the 
interferometer to generate a 3D data mesh. 
2.3.5 Application of ESPI in NDT 
Much of the early and recent research and development of ESPI has been carried 
out primarily by two major groups all over the world. One group is at the 
Department of Mechanical Engineering of Loughborough University (97-102) • 
Another is at Norwegian Institute of Technology in Trondeim (103-105). As this 
technique has promising potential and capability in academic research and 
industrial applications as an engineering measurement and testing technique, more 
research groups have shown interests and made some contributions in this 
field (106-109) • 
As early as 1970 when Butters et a/(IO.IIO) at Loughborough University were 
involved in the investigations into the speckle reduction techniques in holography 
in which speckle was found to be an annoyance and limitation to gain high visual 
quality holograms. They found that speckles could be the means of a new 
interferometric measurement method. They were the first to show that a point in the 
speckle pattern varied cyclically for a specific movement of the object surface and 
then developed the prototype of the speckle pattern correlation interferometry and 
patented it. 
Being aware of some of the potential of speckle pattern correlation interferometry 
for engineering measurement, they revolutionised this technique by replacing the 
traditional time-consuming photographic film recording with a video camera. 
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Consequently the experimental results can be accessible in real-time mode. The 
application of an imaging system of suitable aperture in coherent imaging 
conveniently reduced the speckle size to the resolution range of the video camera. 
The genuine combination of the laser, video techniques and electronic signal 
processing system offered ESPI great potential for rapid data acquisition and 
automatic analysis in engineering measurement and testing with high sensitivity to 
the displacement and deformation. Since then ESPI has been gradually recognised 
as one of the most promising laser interferometric metrology and there has been 
considerable success in its research and applications. Theoretical and experimental 
investigations of ESPI have been carrying out ranging from the static displacement 
and deformation measurements, dynamic vibration mode analysis, computer-aided 
fringe evaluation and analysis, contouring as well as a variety of practical 
engineering applications (106.1I!.1l2) • 
It is of great significance to extend ESPI to the damage evaluation for different 
kinds of materials because ESPI has advantages of making a full-field, non-
contacting and real time measurement in comparison with other conventional NDT 
techniques. Unfortunately an understanding of this aspect is very limited. The 
following section is concerned with two aspects of damage evaluation of materials 
using ESP!. The first is concerned with excitation techniques. With reference to 
applications of III and ESPSI to damage evaluation, it has been clearly 
demonstrated that excitation techniques have a significant influence on the success 
of the defect detection. Consequently, it is of considerable importance to take 
excitation techniques into consideration as far as the damage evaluation using 
ESPI is concerned. Four types of commonly employed excitation techniques are 
briefly described. The research and applications reported with respect to the 
applications of ESPI to damage evaluation are reviewed in a broader sense in the 
second section. 
2.3.5.1 Stressing Techniques 
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It has been demonstrated that ESPI can clearly show the surface displacement and 
deformation field of an object subjected to a static or dynamic stressing with very 
high sensitivity (5) • Damage evaluation in components and structures is based upon 
an interpretation of the disturbances and irregularities in correlation fringe patterns. 
A change of the fringe orientation, curvature, density and the formation of fringe 
discontinuity can be correlated to the presence of flaws in the specimen under 
investigation. 
It should be remembered that the sensitivity of ESP! to the displacement and 
deformation does not represent the sensitivity to the damage evaluation. Defects 
become detectable only when the appropriate excitation techniques are employed to 
stimulate them to an extent that their presence leads to the occurrence of 
disturbances and irregularities in the fringe patterns. 
It has been widely recognised that there are no general guidelines to follow with 
regard to the selection of appropriate excitation techniques as a result of the 
complexity of different testing systems, structures, materials and defects. There are 
many parameters involved in order to successfully deploy excitation techniques. 
In general, four types of stressing techniques are commonly employed to excite the 
specimens under evaluation. There are referred to as mechanical, thermal, pressure 
differentials and vibration excitation techniques, respectively. Every stressing 
technique has some advantages and disadvantages. The excitation techniques are 
selected according to the specific testing requirements. It is recommended that 
priority is given to effectiveness of damage detection and operational feasibility 
when deciding between them. 
• Mechanical Stressing 
Mechanical excitation is the most convenient technique to excite the defects for 
different kinds of materials. Different responses to the mechanical stressing are 
likely to be developed at damaged and undamaged regions, leading to the 
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differences in correlation fringe patterns. Mechanical stressing can be classified 
into two categories, namely static stressing and dynamic stressing. 
Static stressing is performed by applying a load on the specimen, such as tensile, 
compressive or flexuralloading. However, there is a dilemma associated with the 
static excitation technique. The low mechanical stressing magnitude may not 
excite the defects effectively while high mechanical stressing magnitude would 
inevitably result in high density of fringe. patterns due to rigid body motion, 
leading to difficulties of fringe patterns interpretation. 
In the case of the dynamic mechanical stressing, it is always accomplished by 
applying an impact or tapping load to the specimen under investigation. Different 
responses are developed in terms of deformation which is characterised by different 
features of correlation fringe patterns at different regions. A force transducer 
hammer is commonly employed to apply the loading which can register the 
stressing characteristics. 
• Pressure Differential Stressing 
Another effective loading technique is associated with using air pressure 
differentials by applying vacuum or pressure to the specimens. The apparent 
advantage of pressure differential stressing is that it is capable of giving rise to the 
most consistent stressing conditions which is beneficial to quantitative analysis 
because the degrees of pressure or vacuum can be precisely controlled. Pressure 
differential stressing has been successfully employed to detect debonds through 
mUltiple bond lines such as in multi-layered honeycomb panels. 
Practically the vacuum excita~on technique is favourably employed due to the fact 
that it can conveniently resolve sealing problems which can be a big problem with 
pressure excitation. Pressure differential stressing is found to be particularly 
applicable to the detection of defects in soft materials such as rubber tyres for 
aircraft and vehicles. The detection of subsurface flaws in soft materials would be 
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much more effective under conditions where the object under investigation can be 
internally pressurised or vacuumed. 
It should be noted that the use of a vacuum chamber leads to physical restrictions 
and inconvenience. Loading and unloading the specimens into the chamber is 
labour intensive and time consuming. Another practical restriction is the difficulties 
of accommodating the large size components and structures into the chamber. 
• Thermal Stressing 
Thermal stressing is perhaps the simplest and most convenient method. to 
implement. It is particularly useful for composite materials which are technically 
bonded structures. In practice the defects can be easily identified by observing the 
interferograms in real time. A hair-dryer, oven, bulb or heat radiator can be 
employed to scan or just radiate over the specimen surface fora few seconds, 
raising the temperature a few degrees above ambient. Immediately continuous 
variations of fringe pattern can be readily observed on a monitor. The flawed area 
will have a tendency to distort the fringes while they move over these regions, 
indicating the presence and geometrical features of any damage. 
After the specimen under study has cooled down sufficiently and reached 
mechanical equilibrium, it has been found that large size flaws are likely to be still 
visible in real time and maybe retained for several minutes. It should be noted that 
smaller flaws would disappear before the equilibrium conditions have been 
reached. This is called the hysteresis phenomenon due to the viscoelastic nature of 
reinforced polymer composite materials. 
Damage evaluation using thermal excitation is based on the presence of differential 
deformation effects due to the presence of damage. When heat is applied to the 
specimen by radiation, the temperature will increase. Consequently the specimen 
will expand according to its coefficient of thermal expansion multiplied by the 
temperature differences. The damaged area has a tendency to deform more in 
comparison with the surrounding area because it is mechanically less constrained. 
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On the other hand, the presence of damage also results in differences of the thermal 
coefficients of expansion between the damaged and the peripheral area. Therefore, 
the same temperature differentials will lead to the different elastic deformations. 
These differences are reflected by the abnormalities and disturbances in correlation 
fringe patterns. 
Two cases respond less sensitively to thermal stressing. One involves composite 
materials that contain a viscoelastic material as an outer face sheet. Smaller 
temperature increases applied to the viscoelastic surface lead to flow which change 
totally the surface microscopic structure. The corresponding result is the loss of 
correlation between the reference wave front and object wave front. Excessive 
heating of specimen should also be taken into account which will invariably lead to 
the same deleterious consequences. for all polymer composite materials. This 
shortcoming can be minimised by applying heat from the back side or resorting to 
other excitation techniques. 
The second is the difficulty of evaluating metallic composites. The fundamental 
problem encountered in this case is that a temperature differential can not be 
maintained between the upper and lower surfaces due to the extremely high thermal 
conductivity. Furthermore, the stiffness of metallic composites is considerably 
higher than polymer composites which leads to less deformation. Under these 
circumstances, either differential pressure stressing or vibration stressing might be 
the better alternatives. 
Since the gross rigid body deformation of the structure from thermal stressing is 
quadratic in character, the resulting fringe patterns are always found to be a set of 
concentric circles. This feature of fringe patterns decreases the sensitivity to some 
structurally symmetric flaws to a certain extent. This problem can be alleviated 
practically by applying an asymmetric or localised heating. Another problem 
related to thermal stressing is the difficulty of applying uniform thermal radiation 
which leads to difficulties in quantitative analysis. 
• Vibration Stressing 
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The mechanical vibration of an object can be visualised and measured using ESPI 
and other laser interferometry techniques. The vibration characteristics of the 
object are characterised by the fringe patterns in which the brightest fringe 
represents the nodal areas, and each fringe represents an increment in vibration 
amplitude. The vibration stressing system consists of a wide band signal oscillator, 
a high-power linear amplifier and finally a driving transducer. Vibration stressing 
can provide identical stressing conditions. Vibration excitation would result in 
flawed area to respond more strongly at certain resonance frequencies. A 
disturbance in the normal vibration mode pattern would indicate an absence of 
structural integrity and presence of flawed area. 
Ultrasonic vibration is an alternative stressing method which can be employed for 
the detection and characterisation of debonds in composite material structures. 
Debonds and voids can be readily made to vibrate, thereby producing an easily 
distinguishable change in the mode patterns. An important advantage of this 
method is that much lower frequencies can be employed so it would be possible by 
applying conventional ultrasonic test procedures. In addition, the low-frequency 
operation permits the inspection of much larger areas at one time, which eases the 
material handling problem and may be more cost effective. 
Vibration excitation technique is less attractive due to the fact that there is 
pronounced damping of vibration energy in GRP composite materials, which leads 
to difficulties of damage evaluation. Also the testing has a strong dependence upon 
the different resonant frequencies of the object under study. Furthermore vibration 
excitations are not very repeatable with different shaped samples and different 
kinds of damage because of the variable resonant characteristics for different 
samples. There has been little work carried out in this aspect. 
2.3.5.2 Practical Application of ESPI in NDT 
There have been limited investigations carried out with respect to the application 
ESP! to damage evaluation in different materials. Butters first investigated the 
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possibility of ESPI in NDT contexts and presented a comparative study of HI and 
ESPI(77) .The technique was employed for detecting debonds in car tyres and 
regions of poor bonding in diaphragms using pressure loading which could produce 
a stress gradient across the surface. Surface heating with a warm air blower was 
used successfully to reveal variations in structural strength of reinforced plastic 
components. Damage was characterised by the fringe discontinuities. 
Bergquist (I 13) carried out research to quantify the type and size of defects which 
could be detected using ESPI. Discontinuities in the correlation fringe patterns 
corresponding to defects, varied in appearance between soft rubbers, medium 
stiffness epoxy and carbon fibre composites and stiffer metallic materials. 
Experimental results showed that ESPI could be used to detect debonds in 
honeycomb section panels as small as 1120 of the width of the viewing area. The 
limit was imposed by the minimum area of speckle patterns required for the eye to 
be able to detect the differences in contrast of the fringes due to· the differential 
surface displacement in the region ofthe debonds. 
B. P. Holownia (114) reported an NDT of overlap shear joints using ESPI. It was 
commented on that ESPI could detect debonded areas with certain limitations 
associated with the size of the defect and the thickness of the metal used. Prepared 
specimens with debonded areas in the middle of adhesive joints and on the 
periphery of the overlap shear joint were tested using various loading techniques. 
It was found that the mechanical loading and vacuum chamber method gave the 
best results. A reliable method for the testing of the environmental degradation of 
an adhesive joint was expected to be developed in order to assess the progressive 
deterioration of the joint around the periphery. 
Lokberg(llS) described the current status of ESPI and gave some examples to 
demonstrate the suitability and applicability of ESP! in this field. Subsurface 
defects in honeycomb structures were detected. A typical example was honeycomb 
antenna in which a part of the honeycomb had been partly crushed by a blow. In 
this case the surface was heated up from the back side and the deformation of the 
front side due to the propagation of the heat through the antenna was observed. 
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The defect was seen as a transient fringe anomaly. Another example was presented 
to demonstrate how defects might be detected by pressure differences. It is reported 
that heating does not show the defects with sufficient clarity probably because of 
the large thermal mass of the samples. However the voids were shown distinctly as 
circular fringes by placing the specimen in a vacuum chamber and applying a very 
small pressure difference. It was predicted that this technique could eventually find 
its way to major research laboratories and could be used within development work 
and the testing of components of different sizes under all conditions. It was 
concludecLthatnurnerous. applications were possible but a lot of efforts are still 
necessary in order to gain experience and to be able to interpret the results 
correctly. 
Chatters et al (116,117) proposed applying subject beam phase-modulation and 
continuous reference-updating techniques to ESPI in order to achieve noise 
reduction in damage evaluations. Unlike conventional ESPI technique, this method 
used optical phase modulation between successively subtracted additive speckle 
interference images. The ability of this technique to be employed in a turbulent 
environment was demonstrated by detecting structural defects in adhesively bonded 
structures. 
Practical 'applications were carried out by Weber et al(1I8,119) by using ESPI to 
investigate into the influence of indentations on the displacement and stress 
characteristics of industrial gas bottles subjected to internal pressure. These 
findings were intended to be used as a basis for the development of an automated 
gas bottle inspection system based upon ESP!. The dents or irregularities of the 
cylindrical surface of the bottle can be identified in terms of higher density fringe 
pattern around the defects. In addition, there have been some similar research 
carried out (120-122) • 
The following conclusions can be drawn on the basis of the review in terms of 
applying ESPI to damage visualisation and quantification in different kinds of 
materials. Although the potential of ESPI has been recognised and some research 
carried out in a broad sense, a good understanding has not been established and the 
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know ledge of ESP!' s capability in damage evaluation is still limited. A detailed 
investigation is necessary in an attempt to develop a better understanding and 
promote ESP!' s recognition and popularity as far as damage evaluation for 
polymeric composite materials is concerned. This necessity is the basic driving 
force behind this research project. 
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Chapter 3: Experimental Work 
3.1 Materials 
This research project concentrates on investigating the applicability and capability of 
ESPI in evaluating GRP composite materials. Pultruded glass fibre reinforced 
polyester panel were predominantly employed in conjunction with glass fibre 
reinforced epoxy resin laminates as a consequence of the ~culties encountered with 
simulating pure delaminations in the pultruded panels. As has been already made 
clear, the overall properties of FRP composites can be "tailored" by using different 
ply "orientations in an attempt to satisfy certain specific requirements. In order to 
avoid the complexity associated with the anisotropy, care was taken to ensure that 
the composite materials involved in this research were basically quasi-isotropic. 
3.1.1 Pultruded Glass Fibre Reinforced Polyester Panel 
Pultruded GRP panels were cut into 150 mm x 50 mm specimens using a diamond 
coated circular saw. Different cracks and holes were deliberately introduced into the 
specimens which were subsequently subjected to evaluation using an ESP! system. 
The specimens were also exposed to impact,1oading and flexuralloading so that 
damage with different characteristics was introduced in an attempt to investigate the 
effectiveness of ESPI as far as these types of materials are concerned. 
The panel was provided by Euro-Projects (LITe) Ltd. Its lay-up was found to be 
symmetrical by deplying the specimen. It consisted of rovings in the centre, 
sandwiched with random glass fibre mat, woven fibre fabric and surface tissue 
symmetrically on both sides as illustrated in Figure 3.1. Its fibre volume fraction was 
approximately 50%. Mechanical properties provided by the company indicated that 
the panel was quasi-isotropic as shown in Table 3.1. 
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A: Surface tissue B: Woven fabric 
c: Random mat D: Fibre roving 
Figure 3.1: Reinforcement configuration ofpultruded panel 
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Table 3.1: Mecllanical properties of pultruded glass fibre reinforced 
panel* 
Properties Strength (MPa) Modulus (GPa) 
Direction Longitudinal Transverse Longitudinal Transverse 
Tensile 220 200 12 11 
Compressive 210 I 9 I 
F1exural 280 250 12.2 12.9 
* Provided by Euro-Projects (LTTC) Ltd. 
3.1.2 Glass Fibre Reinforced Epoxy Resin Prepreg 
In order to simulate delamination without interference of other kinds of defects, 
glass fibre reinforced epoxy resin pre-impregnated tapes were used for making 
laminated samples with inclusion of de lamination initiators. The prepreg was Giba-
Geigy Fibredux 913 which consisted of unidirectional glass fibres pre-impregnated 
with a latent curing agents so that chemical cross-link reactions will only occur at 
elevated temperatures. 
Fibredux 913 system is known to contain two epoxy resin constituents and a further 
additive with dicyanadiamide as a hardener. The two epoxies were MY-750 and 
MY-nO, of which the former was in the greater proportion. The cured laminates 
exhibited good resistance to water and high humidity environments. 
3.2 Specimen Preparation 
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Specimen preparation was concerned with the introduction of different ''non-
through" holes and cracks into the specimens as well as the introduction of pure 
delaminations into the epoxy prepreg laminates. In addition, specimens were also 
prepared and then subjected to impact and flexural loading in order to introduce 
different types of damage for evaluation. 
. 3.2.1 Specimens Containing Holes and Cracks 
Holes were drilled using carbide drills. In. order to achieve precise hole depths, a 
flat head drill was employed. Precise drilling procedures were essential especially for 
hole sizes greater than 10 mm in diameter. For the drilling of all holes, each 
specimen was clamped firmly to reduce drilling induced delaminations. Drilling was 
performed without lubricant in oraer to prevent any intrusion of fluid into the 
samples. Drilling was kept at a low speed to avoid any the occurrence of any 
unexpected damage. Every sample was subjected to visual inspection to make sure 
that there were no unexpected defects introduced. Two category of holes were 
introduced. The first had different diameter from 2.5, 5, 8, 10 and 15 mm with 
constant depth of 2.05 mm. The second had different depth from 0.68, 1.02, 2.05, 
3.07 and 3.42 mm with constant diameter of 10 mm. The geometry of the specimens 
containing holes is illustrated in Figure 3.2. 
The preparation of specimens with crack defects followed the same procedures as 
described above for the preparation of specimens with hole defects. Similarly two 
category of cracks were introduced. The [lfSt had different length from 2.5, 5, 10, 
15, 20 and 25 mm with constant depth of 2.05 mm. The second had different depth 
from 0.68, 1.02, 2.05, 3.07 and 3.42 mm with constant length of 15 mm. The 
geometry of the specimens containing holes is illustrated in Figure 3.3. 
In an attempt to understand the different responSes between "non-through" hole and 
internal hole samples, a specimen with a "half-through" hole was adhesively jointed 
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T = thickness t = depth D = diameter 
Figure 3.2: Configuration of the specimen containing a blind bole 
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t 
T 
- T = thickness t = depth L = crack length IX = angle to horizontal axis 
Figure 3.3: Configuration of the specimen containing a blind crack 
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with another specimen by which an internal hole was created. In order to make a 
good joint, the bonded surfaces were smoothed on a polisher and then hand polished 
with 240 grade silicon carbide paper. The specimens were then washed using 
detergent to remove the dust, grease and contamination and rinsed in cold water. 
Because the moisture could adversely affect the mechanical properties of materials 
to a considerable extent, the specimens were dried immediately so that no change 
could be introduced through moisture uptake. Two components epoxy adhesive was 
employed to bond the specimens together. The adhesive and hardener were mixed 
thoroughly using a spatula and applied to the surfaces uniformly. Care was taken to 
ensure that a surplus amount of adhesive was squeezed out to achieve an even 
adhesive layer. A load was applied by means of a 5 KG metal weight and a curing 
period of 2 hours was employed at ambient temperature. Similar specimens were 
fabricated to simulate the internal cracks. 
In order to facilitate the understanding of the mechanisms associated with the 
evaluation of holes and cracks in combination with the thermal excitation technique, 
similar "half-through" holes and "half-through" cracks were introduced into mild 
steel plates and aluminium plates following the same procedures discussed above. 
As an exception to the general rule, the thicknesses of the mild steel and aluminium 
specimens were 3.5 mm. 
- 3.2.2 Specimens Containing Delaminations 
The prepreg was cut up with a guillotine into sheets 150 mm X 50 mm in size. Each 
laminate consisted of 12 sheets of prepreg which produced a cured composite 
specimen with a nominal thickness of 1.2 mm. After removing the backing layer off 
each sheet, they were pressed together by running the laminate through hand roller. 
Each layer was added and pressed separately until the full thickness of 12 layers had 
been made up. The stacking sequence of plies was selected as (0 0 1 ± 45 0 190 0 ) •. in 
an attempt to impart th.e laminate quasi-isotropic properties. The laminated obtained 
had a fibre volume fraction of apprOximately 0.65. 
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Three types of lamination initiators were investigated to introduce pure delamination 
damage. There were referred to aluminium foil, thin vulcanised natural rubber sheet 
and polytetraflouroethylene (P1FE) film, respectively. Because no curing had 
taken place at this stage, the laminate had a tendency to be easily deformed and thus 
extra care was taken in handling the uncured laminates. The lay-up was then 
placed in a steel frame and laid up with porous P1FE coated glass fabric, absorption 
fabric and non-porous P1FE coated glass fabric as shown in Figure 3.4. 
Inclusion 
t 
150 
T 
T=thickness t=depth 
Figure 3.5: Configuration of specimen containing delan1ination 
Finally the complete lay-up was placed in a press for curing. According to the 
manufacturer'S recommended procedures, the lay-up was cured at 140 0 C under a 
pressure of 2000 KMlm 2 for 20 minutes. Fmally the laminate was cooled to ambient 
temperature using water and demoulded. 
Larrrinates with inclusion of aluminium foil, rubber film and P1FE film were finally 
subjected to mechanical loading by which delamination occurred somewhere around 
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the inclusion in an arbitrary manner. The geometrical configuration of the fabricated 
specimens containing pure delamination is illustrated in Figure 3.5. 
3.2.3 Specimens for Impact and FIexural Test 
The specimens employed for impact testing were cut into 150 mm x 35 mm sizes. 
Due to the susceptibility of introducing defects during the material fabrication and 
sample preparation, all specimens were subjected to visual inspection at surface and 
cross-section. Specimens employed for mOnitoring progressive damage development 
as a result of flexuralloading were 120 mm x 30 mm in dimension and similar visual 
inspection procedures were applied. 
3.3 Test Equipment and Techniques 
A basic ESP! system was employed to investigate the suitability of it as a new NDT 
method in comparison with ultrasonic C-scan and sectioning techniques which were 
expected to complement the experimental results. In addition, the ESP! testing 
system was modified in order to extract optical phase data. Damage was introduced 
by impact and flexuralloading into the specimens and subjected to evaluation using 
the same system. Mechanical property testing equipment was used to characterise 
the residual properties which were correlated totheo damage evaluated by ESPL 
3.3.1 ESPI System 
A detailed discussion concerning the theoretical background and mathematics of the 
ESP! interferometer is referred to in Chapter 2 and Appendix B. A basic ESP! 
system was employed for this particular research project and some optical and 
electronic variations and modifications were introduced in order to meet the specific 
requirements. The ESP! system was based on a Helium Neon (HeNe) continuous 
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Figure 3.6: Optical Configuration of ESPI 
. Figure 3.7: photo of the ESPI system 
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wave laser (A. =632.8 run) interferometer, a frame store, monitor, video recorder, 
video printer, clamping jigs and different kinds of excitation apparatus. 
The optical configuration of ESPI is illustrated in Figure 3.6. AS mW HeNe laser 
provides the laser illumination. The reference beam from BS 1 is directed into a 
retro reflecting prism P which is mounted on an optical rail parallel to the viewing 
, axis. After spatial filtering and expanding by lens L R' the reference beam is directed 
into the camera with beam sp1itter BS 1 which is wedged shaped and anti-reflection 
coated on the rear surface. This reduces the effects of interference fringes formed 
from front and rear reflections. Mirror M reflects the expanded object beam onto the 
object, which is mounted somewhere within the fOCUSing range of the system. 
Positioning the retro prism P in line with the object ensures that the object and 
reference beam path lengths are approximately equalised. illumination is within 100 
of the viewing axis. A fixed simple lens L 0 is used for imaging. The camera can be 
moved backwards and forwards for focusing. The video camera is a high sensitivity 
Chalnicon tube. All components are mounted on an aluminium honeycomb section 
base plate. A photograph of the system is shown in Figure 3.7. 
The overall lay-out of the video signal processing system is schematically illustrated 
in Figure 3.8. The. output of the camera processing unit is high pass flltered to 
remove low frequency. intensity changes across the image. After flltering, the video 
signal is digitised and stored as a 512 x 512 pixel image with 6 bit grey scale for the 
subtraction or addition correlation in a digital frame. The frame store is shown in 
Figure 3.9. On subtraction, the signal contains both positive and negative values. 
Since a negative signal is displayed as black on the monitor, it is full-wave rectified to 
preserve the information. After digital to analogue (0/ A) conversion, the signal is 
low pass flltered at 3.5 MHz to remove the noise. A black and white monitor was 
used to display the real time fringe patterns. A Panasonic NV-HDI00B video 
cassette recorder was used to record the live correlation fringe patterns for post 
analysis and interpretation. The video recorder has the function of jog and shuttle . 
which allows remarkable precision for frame-by-frame retrieval. A print-out of 
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Figure 3.8. The overall lay-out of the signal processing system of ESPI 
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fringe patterns could be made using a monitor printer with fairly good 
photographic quality. All of these apparatuses and ESP! interferometer were 
connected with BNC and Scart sockets via adapter. 
The clamping conditions have a significant influence on the features of correlation 
fringe patterns and the effectiveness of damage evaluation. Two jigs were initially 
Figure 3.9: Photograph of the electronic frame store 
designed and made for clamping the specimens under examination. They are referred 
to as two-sides clamping jig and four-sides clamping jig, respectively. The two-side 
clamps was demonstrated to be more appropriate in terms of effectiveness and 
practicality which is schematically shown in Figure 3.10. 
Although there has been a great improvement and relaxation with respect to the 
susceptibility of ESP! to the environmental disturbances in comparison with lIT, ESP! 
still suffers from environmental disturbances to certain extent during the testing 
process as a consequence of its high sensitivity to displacement and deformation. 
Consequently experimentation was preferably carried out on a vibration isolated 
cast iron table which had anti-vibration padS under its feet 
54 
260 
150 
25 
260 
Figure 3.10: Geometry of clamping jig 
Chapter 3: Experimental Work 
..................................................................................... u .................................................................. . 
It should be noted that underlying defects in composite materials can be diagnosed 
on condition that proper stressing techniques are chosen to excite the defects 
effectively so that the defects result in an abnormality in correlation fringe patterns. 
In tIris study, three types of excitation technique were taken into consideration, 
namely mechanical excitation, pressure differential excitation and thermal excitation. 
The vibration excitation technique was not taken into consideration due to the limited 
availability of equipment 
Although mechanical excitation can be implemented statically and dynamically, it has 
been found already that dynamic mechanical excitation is the more applicable with 
respect to damage evaluation. Dynamic excitation was implemented using a force 
transducer hammer as illustrated in Figure 3.11. The force transducer. hammer is 
capable of registering the stressing characteristics. 
Pressure/vacuum excitation involved a robust chamber which required a good 
sealing conditions so that the pressure differences introduced by preSSurisation or 
vacuum could be maintained. As can be seen in Figure 3.12, the chamber consisted 
of a 500 mm long cylinder with a 500 mm diameter which was able to 
accommodate the jig. The cylinder was welded on a metal base and two 5 mm 
thick Perspex plates with high optical transparency were evenly screwed on both 
front and rear sides, which ensured an effective laser illumination through the 
Perspex plate to the specimens under examination. Extra care was taken to make 
sure that no defect was carelessly introduced into the Perspex plates otherwise 
optical aberration or poor sealing conditions would lead to difficulties in the 
operating the chamber. Pressure or vacuum was developed using a pump with a 
pressure gauge to indicate the precise pressure and vacuum state inside the chamber. 
As far as thermal excitation techniques were concerned, thermal differentials could 
have been introduced into the specimen by different ways, including dimmer, hair 
drier, oven, infrared ceramic radiator, refrigerator and coolant Of them infra-red 
ceramic radiator was selected due to its simplicity and effectiveness. The infra-red 
ceramic radiator is shown in Figure 3.13. 
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Figure 3.11: Force transducer hll!IlIller for stressing the delaminated speciemn 
Figure 3.12: Pressure! vaccwn chamber 
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Figure 3.13: Infra-red ceramic radiator for thennal excitation 
3.3.2 Evaluation of Holes and Cracks 
The specimens with different holes and cracks were finnly clamped on to the jig. 
Care was taken to make sure that specimens were clamped in parallel to the jig for 
easy calibration and calculation. Matt paint was spread uniformly on the surfaces to 
be illuminated in order to enhance the reflectivity. The specimens were thennally 
excited using an infra-red ceramic radiator. Live fringe patterns were recorded by 
video recorder. The image scale was calibrated using a ruler and then the geometric 
parameters of holes and cracks were determined. 
3.3.3 Evaluation of Delamination 
Delarnination is an important failure mode for GRP composite materials and it 
usually occurs in combination with other failure modes when subjected to quasi-
static, fatigue and impact loading. The presence of delarnination has a considerable 
influence on mechanical performance. It is thus of great significance to develop a 
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good understanding of the capability and applicability of ESP! to evaluate pure 
delamination damage in GPR composite materials. 
Great care was taken to ensure that only delamination was introduced into the 
specimens. According to the common practice, three types of inclusion were 
introduced into the specimens as the delamination initiators, namely aluminium· foil, 
laboratory made natural rubber film and P1FE film. The presence of foreign 
inclusion does not necessarily mean that delamination will be automatically resulted. 
Actual delamination was introduced by applying force to the specimens containing 
foreign inclusions which are here referred to as "delamination initiators". Under 
mechanical loading, delaminations were initiated and developed around the foreign 
inclusions. Different sizes of inclusions were introduced in order to lead to varying 
levels of deJamination. The magnitude of applied force also had an effect on the 
degrees of delamination so they were deliberately varied in an attempt to produce a 
range of defects. It should be pointed out that the simulation of delamination was 
considerably different from the simulation of cracks and holes mentioned earlier. The 
geometrical characteristics and magnitudes of delamination could not be precisely 
controlled as a consequence of the complexity of simulation process. 
The occurrence of delamination resulted in optical variations. The delaminated areas 
were likely to be recognisable as a result of colour differences. The laminates were 
amber in colour and the presence of delamination presented a contrast which could 
be observed under light However, the colour variations were not used for the 
geometrical characteristics and magnitude of delaminations because they could not 
be measured precisely. 
The presence of delaminations had a tendency to result in geometrical variations in 
the form of increases in thickness at the delaminated area as a result of internal ply 
debonding associated with the presence of foreign inclusion. These geometrical 
variations were measured accurately. The thickness variations were employed to 
characterise the delamination. The determination of co-ordinates was achieved by 
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applying a transparent grid paper to the surface of the specimen under examination 
which offered a resolution of 2 mm. The thickness at each point on the specimen 
was measured using a micrometer. The numerical values of thickness were 
normalised and used to visualise the delaminations using Microsoft Excel software. 
The geometrical characteristics were revealed by a 3· D picture and the delaminated 
areas were calculated by a 2·D picture representation. 
On the basis of the introduction of pure deJamjnations, the specimens were 
subjected to evaluation using ESPL The experimentation used the same ESP! system 
as descnlJed earlier for the detection of holes and cracks with the exception of the 
excitation technique. Mechanical excitation techniques were employed to excite the 
delanrination as a result of the poor sensitivity of deJamjnation to thermal excitation. 
Mechanical excitation technique was accomplished by tapping the specimen using a 
force transducer hammer as illustrated in Figure 3.11. The trace of tapping was 
determined in conjunction with a frequency analyser, indicating the contact time and 
magnitude of force applied to the specimen by the hammer. Correlation fringe 
patterns related to delamination were readily recognisable on. the monitor and 
recorded by video recorder for post analysis and interpretation. 
3.3.4 Optical Phase Data Extraction 
Optical phase data extraction is concerned with the image acquisition and 
processing of correlation fringe patterns. The flow chart of the· whole process of 
phase stepping ESP! system is illustrated in Figure· 3.14. Phase·stepping ESP! 
consisted of a standard ESP! .io collaboration with image processing hardware and 
some additional electronic and optical components. 
The hardware for optical phase extraction was a VME based 150/40 system supplied 
by Imaging Technology Inc. which was hosted via a PC·bus on a 80486 50 Mhz PC. 
The 150/40 system was based upon a large host board which was referred to as the 
_ Advanced Image Manager (AIM). Different daughter boards can be attached to the 
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Figure 3.14: Optical configuration of phase stepping ESPI 
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.. host board according to the specific requirement In this case, a colour acquisition 
board (AM-CLR), a display board (DM-PC) and a computational board (CM-CLU) 
were used for the majority of image processing tasks, whilst a further TMS320C32 
DSP based computational board (CM-PA) was used for Fourier processmg of the 
speckled images. 
The coupon was cut from a pultruded GRP paneL A Rosand Instrumented Falllng 
Weight Test machine was used to mtroduce the damage. The damaged coupon was 
clamped on to a jig at both ends. The coupon was excited mechanically usmg a 
force transducer hammer described earlier. The typical force magnitude applied to 
the specimen by the hammer was approximately 0.22 N with a time duration of 0.015 
second. 
The optical configuration is schematically shown in Figure 3.15. The Piezo-electric 
transducer (PZT) pushed mirror was placed in the object beam to produce three 
discrete phase steps as a result of the movement of a mirror which was controlled by 
computer. Dedicated software was employed to acquire three images with steps of 
-1C/2, 0, and 1C 12, respectively. Noise reduction and fringe enhancement were 
achieved using Fast Fourier Transform (FFT) software before extraction of the 
optical phase data. Optical phase data was employed to visualise the displacement 
with high visibility in the form of wrapped phase map. Eventually, the absolute 
phase values were calculated by phase unwrapping and the displacement field related 
. to defects. was characterised by a continuous variations of grey scales values in an 
unwrapped optical phase map. The calibrated optical phase data was visualised in 
terms of a 3D mesh plot of surface displacement using Matlab software. 
3.3.5 Ultrasonic C-scan 
Ultrasonic C-scan has been widely recognised as an effective NDT technique for 
damage identification in FRP composite materials. Here an ultrasonic C-scan system 
was employed to verify the experimental results from ESP!. A Wells Krautkramer 
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Flaw Detector USIP 12 System was used to scan samples ultrasonically as shown in 
Figure 3.16. 
A: Start pulse 
B: Defect echo 
C: Bottom echo 
A 
B 
••• 
Figure 3.16: Schematic of ultrasonic C-scan 
C 
Cl 
Cl 
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The ultrasonic pulse was introduced into the specimens under study and then 
reflected from a glass plate beneath the specimens submerged in a water bath. The 
20 MHzultrasonic transmitter was then programmed to scan over the surface· of the 
samples. A slight variation of testing conditions was found to lead to an obvious 
Change of attenuation of ultrasonic waves. Extra care, therefore, was taken to 
maintain the testing conditions consistent for all samples due to the high sensitivity 
of system. Once the scanning had been performed, the data was analysed using the 
dedicated Wells Krautkramer Mark IT software. The damage was visualised 
graphically in terms of different bands of attenuation and damage areas were 
determined accordingly. 
3.3.6 Sectioning Technique 
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The sectioning technique is capabie of giving rise to both the qualitative and 
quantitative information concerning damage. In order to have a close look at internal 
damage, specimens were sectioned at 5 mm intervals rather than at 10 mm. A group 
of parallel lines with 5 mm spacing were drawn prior to the sectioning, dividing 
samples into a number of equal sections. A straight line was drawn on the left hand 
side of each specimen for calibration. All sections were consecutively numbered. 
The samples were cut into strips using a diamond tipped rotary saw by following the 
drawn spacing lines. Each strip was then polished with progressive finer grade of 
silicon carbide paper (240, 400 and 600 grit). A highlighter pen was then drawn 
across the polished surface and the excess ink removed by wiping with a clean cloth. 
The cross section was highlighted for easy observation of damage. Each strip was . 
observed with the aid of a Vickers Stereo Microscope. The geometrical features of 
each section were measured and drawn on a piece of grid paper. The global damage 
profile was plotted by integrating damage features of all strips together in numerical 
order. 
3.3. 7 Ev~uation of Flexural Loading Induced Damage Using ESPI 
Damage develops when specimens are subjected to quasi-static loading, such as 
tensile, compressive and flexural stressing. It is interesting therefore to develop I\Il 
. understanding of the damage process unde+ these loading conditions. In this section, 
ESPI was employed to monitor damage initiation, progressive development and 
catastrophic failure as a result of incremental flexuralloading. 
The reason for choosing flexuralloading was that it can be, to some extent, regarded 
as a combination of tensile and compressive loading on opposite sides of a specimen. 
Ideally the complete flexural testing process would have been monitored using an 
ESPI system in real-time. It was, unfortunately, impossible as a consequence of the 
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Figure 3.17: Configuration of three-point flexural test 
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restricted geometrical accessibility to specimen surfaces under examination. It was 
also because of the high sensitivity of ESPI to environmental disturbances and the 
necessity to apply complex optical reconfiguration of the ESPI system. 
A convenient and practical solution to this problem was to intenupt the flexural 
testing at different loading levels. Five specimens were loaded incrementally up to 
the failure at different intervals. The specimens were unloaded and taken out of the 
testing machine after reaching the expected loading level. The loading intervals were 
not divided evenly from start to catastrophic failure because damage under flexural 
loading was only initiated and developed above a threshold level. 
Specjmens were flexurally loaded using a J J Uoyd test machine with 5 KN loading 
reil in combination with a three-point bend test fixture as illustrated in Figure 3.17. 
The cross-head speed was deliberately chosen to be 1 mmlminute in an attempt to 
achieve the expected interruption. The load-deflection curves were recorded for an 
analysis. The specimens taken off the flexural testing machine were evaluated using 
the ESPI system. For each specimen, both the front and back surfaces were 
subjected to the examination. The live correlation fringe patterns were recorded for 
post interpretation. 
3.3.8 Evaluation of Low Velocity Impact Induced Damage Using ESP! 
It is of equal significance to evaluate low velocity impact induced damage in GRP 
composite materials because damage always has a tendency to develop internally and 
is not visible on surfaces in comparison with that by high velocity impact testing. The 
performance and integrity of components and structures are drastically deteriorated 
due to the presence of internal damage which would possibly lead to catastrophic 
failure at any moment if the defects are not properly diagnosed and resolved. 
The equipment was a Rosland Advanced Automatic Instrumented Falling Weight 
Impact Tester. The general features of the equipment are schematic ally shown in 
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Figure 3.18. A controlled impact is achieved by dropping a striker which is attached 
to a weight in a defined manner at a prescribed impact heights. The probe is equipped 
with pizeo-electric transducers for measurement of velocity and load interaction 
between the probe and specimen. Two opto-electric sensors are used to start and 
stop data acquisition. During each impact event 2000 data points are collected 
from the tranSducer. The collection time can be set between 2 mls and 500 mls and 
. the scale for the force can be ranged from IN to 100 KN. 
The velocity and load transducer provide complete profiles of the deformation 
response of the specimen during the impact process. This velocity signal is used for 
feedback to control probe speed, which determines load data acquisition timing and 
deflection calculations. The load is the force required to impact the specimen. 
Discrete values provided by the load transducer are collected and stored at a 
computer for post processing. Deflection is defined as the linear motion of the probe 
in the direction of penetration. Energy is a two-dimensional parameter which is 
defined as the sum of the incremental products of the load and deflection. 
The sample was located on a circular anvil and clamped using a pneumatic system as 
illustrated in Figure 3.19. The circular ring was mounted on·a pneumatically actuated 
"see-saw" lever with an air pressure of 5.5 bar which can give a clamping force 
exceeding 3000N. It maintains the specimen at its original position during the test. 
In order to introduce geometrically different damage, two types of strikers were 
. used. They are referred to as a 10 mm diameter hemispherical striker and a chisel 
shaped striker as shown in Figure 3.20. The variable mass option enables the testing 
to be performed from 1 Kg to 25 Kg. In this study, 2 Kg mass was selected in an 
attempt to introduce damage below its impact fracture points. The pre-determined 
heights of the striker were 250, 350, 450, 550, 650 and 750 mm, respectively. 
Second-strike prevention was performed with a pneumatically driven mechanical 
system which ''flicked'' a catching device under the striker carriage when striker 
rebounded from the specimen. After the impact test, the striker was automatically 
lifted to the prescribed height by an electrically powered winch for the next test. 
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Figure 3.19:- Oamp fo impact testing 
Figure 3.20: Two types of impactors for impact testing 
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Similarly, the basic ESPI system discussed earlier was employed to evaluate the 
geometrical charaCteristics and magnitudes of impact damage in conjunction with 
mechanical excitation using a force transducer hammer. The live correlation fringe 
patterns were recorded for post analysis 
3.3.9 Residual Elexural Property Testing 
The presence of either external or internal damage introduced by different kinds of 
stressing inevitably leads to dramatic reductions in mechanical properties of GRP 
composite materials. It is very important to establish a relationship between the 
damage magnitudes and the residual properties by which it can be estimated how 
well the damaged components and structures are capable of performing further 
loading functions. 
Residual flexural modulus and strength of the impacted specimens . were evaluated 
using a three-point-bending test as illustrated in Figure 3.17. The testing was carried 
. out according to the Crag Method 200, which is a method of test for flexural 
strength and modulus of fibre reinforced plastics. The selected cross-head speed was 
2 mm1minute so that specimens failed within the 30-180 second intervalS as expected. 
In order to obtain the residual flexural strength and modulus results with reasonably 
certainty, four impacted samples for each impact loading level were tested and then 
averaged for plotting. From the maximum load recorded in the load/deflection 
curves for each sample, the flexural strength C1 f was calculated using the following 
equation: 
3PL 
C1 f = 2bh2 
The modulus of elasticity El was then calculated by 
IJm 
El = 4bh3 
where P = load at break 
L=Span 
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b = width of test sample 
h = thickness of test sample 
m = slope of linear portion of the curve 
In order to achieve a straightforward interpretation and comparison of the post 
impact flexural strength and modulus. the experimental results were normalised 
according to the following equations: 
where 
E
• _ E, 
I - E/o 
<1/' = normalised residual flexural strength 
<1/0 = measured flexural strength without impact damage 
E/' = normalised residual flexural modulus 
E,o = measured flexural modulus without impact damage. 
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Chapter 4: Excitation Techniques and Evaluation of 
Simulated Defects 
It has been recognised that determination of the testing method and procedure is a 
function of the testing system, component features and the nature of defects as far as 
damage evaluation using interferometric techniques are concerned. In the case of 
GRP composite materials, it is important to determine the appropriate stressing 
techniques with regard to practical and effective damage identification. 
It is also important to develop a basic understanding of the capability and 
applicability of ESPI in the field of NDT by evaluating simulated defects in GRP 
composite materials. It has been already made clear that GRP composite materials 
have a tendency to fail in complicated ways when subjected to different loading 
modes. Different failure mechanisms are involved in the material failure process. 
Unfortunately it is difficult to make GRP composite materials to fail in a specific 
failure mechanism mode. It is, therefore, impossible to simulate all the failure 
modes encountered in GRP composite materials individually. For simplicity, three 
types of defects were artificially simulated in an attempt to develop a basic 
understanding. These are cracks, holes and delaminations, respectively. This chapter 
is concerned with the determination of excitation techniques and the evaluation of 
artificially introduced damage 
4.1 Determination of Excitation Techniques 
An out-of-plane optical configuration ESPI system is employed for the damage 
evaluation which is detailed in Chapter 3.3.1. The coupons were clamped in a 
purpose built jig which is schematically shown in Figure 3.10. It should be noted 
that the criteria for determining excitation techniques are twofold. The first is the 
formation of high quality fringe patterns because the identification of damage is 
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made on the basis of the interpretation of disturbances and irregularities within 
fringe patterns. Poor fringe pattern quality would lead to difficulties in damage 
evaluation. The second is the ability of stressing techniques to highlight the damage. 
The sensitivity of different interferometric techniques, including ID, ESP! and ES, 
to displacement or deformation of an object under investigation does not necessarily 
mean that it can sensitively detect underneath. Generally there are four main 
excitation techniques commonly employed with regard to damage evaluation using 
coherent interferometric techniques. The determination of excitation techniques is 
concerned with the considerations of testing feasibility, the specific requirements of 
task and economic viability. 
This part of experimentation focuses the excitation techniques in terms of their 
applicability and feasibility in producing good fringe patterns and capability of 
damage detection. Three types of excitation techniques were investigated and they 
are mechanical, thermal and pressure differential techniques. 
4.1.1: Mechanical Excitations 
Mechanical loading is implemented in both static and dynamic modes. The static 
route is achieved by applying a point force to the specimen surface. Unfortunately 
static forces are not effective in exciting large area damage due to the fact that the 
stressing is applied to the coupon in limited areas and there is little effect on 
neighbouring areas. A large area pure delarnination is only partially manifested in 
terms of fringe abnormalities by applying a point force to the coupon which is 
shown in Figure 4.1. This problem can not be resolved by simply increasing the 
loading level because excessive deformation would then be introduced, leading to 
the decorrelation of fringe patterns. 
Comparatively dynamic loading is more effective than static one. Dynamic loading 
is typically implemented by striking the specimen surface using a force transducer 
hammer which is shown in Figure 3.11. Dynamic stressing is a stress wave which 
can propagates through the specimen and neighbouring areas are effectively stressed 
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Figure 4.1: Coupon excited by a point static force 
showing limited damage area 
Figure 4.1: Coupon excited by dynamic excitation using a force transducer 
hammer showing complete damage area 
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in comparison with the static stressing. It can be expected that different responses 
are developed to the loading in damaged and undamaged regions as a consequence 
of their different stiffness and rigidity. Figure 4.2 is the fringe patterns from same 
coupon used for static stressing. There is a big difference in terms of damaged areas 
and dynamic stressing will provide a better information of the delamination. In 
practise both the static and dynamic stressing techniques are employed because they 
can be easily implemented. 
4.1.2: Pressure Differential Excitations 
Experiments on pressure differential excitation were carried out using a purpose 
built chamber as graphically shown in Figure 3.12. Although both pressure and 
vacuum could be applied to the specimen, vacuum excitation was found better due 
to the fact that the chamber could be sealed effectively and conveniently by action of 
the vacuum. 
. 
It was found that it was very difficult to get information concerning the presence of 
damage using pressure differential excitation. In practice, the coupon is clamped on 
the jig for stability purpose and then placed into the chamber. The imaging system 
and laser illumination source were positioned outside of the chamber due to the 
limited space available of the chamber. The laser illumination is directed to the 
coupons under study through a Perspex panel. The presence of Perspex in the 
chamber had a problem of reducing the laser efficiency and introduces optical 
"aberrations. Pressure differentials tended to result in overall deformation of the 
Perspex plates, which lead to speckle decorrelation. The representative decorrelated 
fringe patterns is shown in Figure 4.3. There is another problem associated with 
pressure differential excitation techniques. The high stiffness of GRP composite 
materials in comparison with low stiffness materials such as rubber products 
imposes restrictions on pressure differential excitation techniques .. In this case, good 
quality fringe patterns were difficult to achieve. 
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Figure 4.3: Optical speckle decorrelation related to optical aberration of 
Perspex panel in pressure chamber 
A solution to this problem is to scale up the chamber in order that both the specimen 
and laser illumination unit, imaging system can be accommodated into the chamber 
which is economically inefficient. It is particularly true when large components and 
structures are involved. On the basis of this pressure differentials stressing 
evaluation, it was concluded that pressure differential stressing was not an ideal 
stressing method for detecting damage in GRP composite materials. 
4.1.3: Thermal Excitations 
The thermal stressing can be achieved in different ways. The first is to use a 
hairdryer which can introduce temperature differentials and hence fringe patterns. 
Practically the hairdryer is positioned before the coupon tested and switched on and 
the fringe patterns can be observed. The typical fringe patterns of hairdryer is shown 
in Figure 4.4 which is related to the shape of hairdryer. The hairdryer can be moved 
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up and down in order to order to introduce temperature differentials in big area. It 
should be noted that a hairdryer is not suitable to monitoring the continuous and 
transit variations of fringe patterns during the heating up process due to the 
mechanical noise from the fan inside. 
Figure 4.4: Representative fringe patterns excited using hairdryer 
Ideally an infrared ceramic radiator can be used to introduce thermal differentials 
without any light interference and mechanical noise disturbances. Continuous 
variations of fringe patterns can be monitored during the heating up and cooling 
down process. The deformation of specimens from thermal stressing is quadratic in 
character and resultant fringe patterns were found to be circular which might not be 
appropriate for damage identification. Fringe control can significantly alleviate this 
proble1!l by changing the thermal radiation angle. Figure 4.5 illustrates typical 
fringe patterns excited using a ceramic infrared radiator. It was found that thermal 
stressing was an effective excitation technique for the evaluation of cracks and holes 
and this will be addressed in detail in Section 4.2 of Chapter 4. 
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A: Centrally heated 
B: Laterally heated 
Figure 4.5: Typical fringe patterns using a ceramic infrared radiator 
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Temperature differentials can also be introduced by cooling the samples down. Two 
methods were investigated. The first was to .spray acetone on the specimen surface. 
Acetone is an organic solvent which would evaporate at ambient temperatures, taking 
away thermal energy from the specimen and leading to temperature differentials. 
Two problems were associated with this technique. The first was the difficulty of 
applying the solvent to the surface uniformly. The second was the changes of the 
specimen surface characteristics because of the evaporation, leading to decorrelation 
of speckle patterns. The typical fringe patterns related to solvent evaporation are 
shown in Figure 4.6. The second method was to put the specimen in the refrigerator 
for one hour until it reached approximately _100 C. Then the specimen was 
transferred in a thermal and loaded into the jig for observation. This method was 
found not to be appropriate due to speckle decorrelation. Indeed the surface 
characteristics of specimens were completely transformed as a consequence of 
condensation, also leading to similar fringe decorrelation as shown in Figure 4.6. 
Figure 4.6. Typical speckle pattern decorrlation due to the surface change 
through cooling specimen using freezer or evaporative solvent 
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It has been demonstrated that mechanical and thermal stressing is applicable to the 
damage evaluation in combination with the ESPI system using force transducer 
hammer and infrared ceramic heater. Pressure differentials are not applicable due to 
the fact of decorrelation related to the deformation of Perspex panel for the chamber. 
It should be noted that vibration is not considered as a stressing technique in this 
project due to the fact that there is pronounced damping of vibration energy in GRP 
composite materials which leads to difficulties of damage evaluation. Also the 
testing has a strong dependence upon the different resonant frequencies of the object 
under study. Furthermore vibration excitations are not very repeatable with different 
shaped samples and different kinds of damage because of the variable resonant 
characteristics for different samples. On the basis of the understanding of excitation 
techniques, ESPI will be employed to evaluate artificially introduced damage. ' 
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4.2 Evaluation of Simulated Defects 
The excitation techniques have been discussed in the preceding section. The second 
section of this chapter dealt with the evaluation of artificially introduced damage, 
namely cracks, holes and delaminations in order to develop a basic understanding 
ofESPI's capability for damage evaluation. 
4.2.1 Evaluation of Cracks 
It has been recognised that it is important for ESPI to be able to detect cracking in 
GRP composite materials because it is one of the typical failure modes that occurs 
when they are SUbjected to different types of loading. Investigations into the 
process of the initiation, propagation of cracks on material properties are in the 
domain of fracture mechanics and these aspects are not considered in this project. 
A principal concern of this work is to understand the feasibility and capability of 
crack detection in GRP composite materials using ESPI in combination with 
different excitation techniques. 
It should be noted that the introduction of "pure" cracks into GRP composite 
materials is very difficult due to the fact that mixed mechanisms are involved when 
mechanical loading is employed to create these defects in specimens. Different 
types of cracks were carefully introduced into the specimens by machining. Extra 
care was taken to ensure that no other types of damage were concurrently 
introduced. The geometrical configuration of the specimens with cracks is 
illustrated in Figure 3.2. 
Although it is unnecessary to detect cracks on the surface of specimens in the 
context of NDT, the characteristics of fringe patterns of cracks on the surface are 
helpful to the understanding and interpretation of fringe patterns related to cracks 
on back surfaces. As can be seen in Figure 4.7a, fringe patterns of surface cracks 
are characterised by fringe discontinuity and the abrupt variations of fringe 
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orientations and curvatures in the vicinity of defects. The length and orientation of 
cracks can be determined by a direct measurement. It should be noted that this 
pictorial presentation could not exactly convey the unique nature of continuous and 
transient variations of fringe patterns which was vividly displayed on the monitor. 
The determination of cracks on back surfaces is of great significance because 
defects in GRP composite materials are likely to exist there. It is experimentally 
demonstrated that cracks can be diagnosed using ESPI in conjunction with thermal 
excitation techniques in two different ways. These are referred to as Exterior 
Thermal Source (ETS) induced fringe patterns and Interior Temperature 
Differential (ITD) induced fringe patterns, respectively. 
The main features of ETS induced fringe patterns in cracked specimens involved 
localised abnormalities and perturbations on background fringes as illustrated in 
Figure 4.7b. When specimens were thermally stressed, the fringes exhibited 
continuous variations due to the expansion or contraction related to temperature 
differentials. These fringes were distorted when crossing defective areas. Abrupt 
curvature changes in the fringes indicated the presence of defects. There were no 
fringe discontinuities observed in contrast to fringe patterns associated with cracks 
on surfaces. It is usually difficult to determine the crack characteristics because the 
precise geometrical positions of distorted fringes were subject to some uncertainty. 
This problem was resolved to a certain extent by repeatedly observing continuous 
variations of fringe patterns on the monitor. In addition, an increase of fringe 
density led to improvements of accuracy. According to the literature survey, crack 
evaluations for FRP composite materials using HI and ESPI in conjunction with 
thermal excitation techniques can be implemented by interpreting of ETS induced 
fringe patterns [6,7]. 
In the current work, a new experimental approach using ITD induced fringe 
patterns was found to be capable of detecting cracks more precisely and 
distinctively compared to using ETD induced fringe patterns. Continuous and 
84 
a: Surface crack b: ETS induced fringe patterns c: ITD induced fringe patterns 
Figure 4.7: A comparison of fringe patterns related to the presence of crack 
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Figure 4.8: Illustration of continuous variations of ITD induced fringe patterns 
for crack evaluation 
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progressive variations of ITD induced fringe patterns are pictorially illustrated in 
Figure 4.8. When temperature differentials were applied to a specimen using a 
ceramic infrared radiator, the correlation fringe patterns exhibited fast changes in 
the form of an ellipse. This is because of considerable thermal exchanges between 
the specimen surface and ambient air. Subsequently, the fringe patterns were 
globally distorted horizontally and the ellipses had a tendency to transform into a 
circular geometry. At this moment both ETS and ITD had an influence on the 
formation of fringe patterns. Soon after the fringe patterns were further extended 
horizontally and transformed into a broad rectangular and finally into a narrow 
rectangle in shape, which had a direct relationship with the crack introduced. In 
this case the effect of ETS was becoming less significant and ITD played a 
predominant role in the formation of fringe patterns. It should be noted that this 
pictorial presentation could not exactly convey the unique nature of continuous and 
transient variations of fringe patterns displayed on the monitor. An evaluation of 
cracks in terms ofITD induced fringe patterns is unlikely to be implemented using 
traditional interferometric laser measurement techniques simply because real time 
and continuous observation of the correlation fringe patterns variations is essential. 
IDT induced fringe patterns in conjunction with thermal excitation techniques 
appear to be particularly applicable to damage evaluation for GRP composite 
materials. The distinct properties of reinforced polymer composite materials, 
namely their relatively low thermal conductivity, high thermal expansion 
coefficients and low modulus in comparison with metallic materials and their 
interferometric sensitivity linked to real-time observation, determined the success 
and effectiveness of using ITD induced fringe patterns for crack detection. A 
typical value of thermal conductivity for most metals is of the order of20 W/cm.K, 
which is approximately forty times greater than those for most polymeric 
composites. The modulus of most metals is of the order of 100 GPa which is very 
approximately ten times greater than that of many polymeric composites. The 
mechanisms involved in the formation ofITD induced fringe patterns are proposed 
as follows. 
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When a specimen was exposed to thermal stressing, a unique temperature 
differential above the defective area would develop as a result of two factors. The 
first was that there was less mass to absorb thermal energy in the cracked area 
which led to the development of an "over-heat" phenomenon. Another was that the 
presence of a crack which interrupted the uniformity of heat transfer, leading to 
disturbances in the thermal field. The "over-heat" spot in the specimen can be 
considered to be an internal temperature differential. At start of the observation, 
the internal temperature differential was unlikely to affect the overall fringe 
patterns because excessive thermal exchange occurred at the surface. Temperature 
differentials introduced by ETS were much greater than by lID. Fortunately ITD 
was capable of retaining heat for a reasonably long period once it was developed 
because of the low thermal conductivity of GRP composite materials. 
Materials in the vicinity of the defective region worked as thermal barrier which 
slowed down thermal exchange with the air to a certain extent. This assumption 
was easily justified by experimental observations. There were no similar ITD 
induced fringe patterns for specimens with surface cracks. This is because 
temperature differentials on the surface could not develop due to the direct and 
considerable amount of thermal exchange with ambient air. With reference to 
Figure 4.7a, it can be seen that fringe patterns are characterised by buckling and 
discontinuity. 
When the influence of temperature differential from ETS on the formation offringe 
patterns became gradually less significant, lID played an important role in the 
formation of fringe patterns. Although the temperature differential arising from 
lID were fairly low in magnitude, they were sufficient to cause deformation. This 
allowed ESPI to operate which was a result of the comparatively high thermal 
expansion coefficients and low moduli of the materials under study. In this case an 
improvement in crack evaluation accuracy was achieved. 
The advantages of crack determination using ITD induced fringe patterns over 
those using ETS induced correlation fringe patterns are illustrated by a comparison 
of the experimental results determined by these two kinds of approaches. The 
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crack lengths determined by ETS and ITO induced fringe patterns are listed in 
Table 4.1 in parallel with the fringe patterns shown in Figure 4.9. It can be seen 
that a 5 mm long crack only has a very weak influence on fringe patterns hence the 
determination of this crack is difficult using ETS techniques. When the crack is 
approximately 10.0 mm in length, it is detectable using ETS induced fringe 
patterns. However the determined crack lengths are consistently lower than the 
actual values. It can be seen that the shorter the cracks are, the greater the 
discrepancies from the actual values are. These discrepancies are due to the limited 
influence of cracks on surface displacement distribution . and difficulties in 
determining the geometrical position of the irregularities in correlation fringe 
patterns. 
ITO induced fringe patterns exhibit a similar trend but there is an apparent 
improvement in the precision of length measurement in comparison with ETS. 
Although it is difficult for lID induced fringe patterns to determine a 2.5 mm long 
crack with high precision, a 5.0 mm long crack is readily identifiable, indicating an 
increase in its ability of crack detection. In addition, there is a pronounced 
improvement in the precision of crack length measurement. The discrepancy 
between detected and actual values becomes as crack length increases. 
In addition to differences in crack length determination, advantages ofIID induced 
fringe patterns over ETS have also been demonstrated in the determination of the 
cracks at different depths. The results of a comparative study are listed in Table 
4.2 in parallel with the fringe patterns as shown in Figure 4.1 O. It can be seen that 
the deeper the cracks are located in the specimens, the greater discrepancies from 
the actual values, suggesting difficulties in detecting deep cracks. In the case of 
ETS induced fringe patterns, it is difficult to detect cracks 3.42 mm deep which is 
equivalent to an eighth of the thickness of specimen. By comparison a 3.42 mm 
deep crack was readily detectable using IDT induced fringe patterns. Additionally 
accuracy of crack length determination using ITO induced fringe patterns is 
consistently better than that by using ETS. 
89 
Chapter 4: Excitation Techniques and Evaluation of Simulated Defects 
4.2.2 Evaluation of Holes 
The second part of the experimentation described in this chapter is concerned with 
the identification of holes on back surfaces using thermal excitation techniques. It 
was found that holes can be identified in much the same manner as the detection of 
cracks using both ETS and ITD techniques. 
Although there is no need to detect the holes on front surface, the fringe patterns 
produced can be helpful in interpreting holes on the back surface. The fringe 
patterns associated with surface hole are illustrated in Figure 4.11a. Like the 
geometrical characteristics of surface cracks, the fringe patterns of surface holes are 
characterised by fringe discontinuities and abrupt variations in fringe orientation 
and curvatures in the vicinity of the hole. The diameter of the hole can be readily 
determined by measuring the abnormal area. 
The determination of holes on back surfaces were similarly carried out using ETS 
and ITD induced fringe patterns as discussed in Section 4.2.1. As far as ETS 
induced fringe patterns are concerned, the detection of back surface holes were 
carried out by interpreting the abnormalities of correlation fringe patterns as 
illustrated in Figure 4.11 b. It can be seen that the presence of a hole led to 
distortion and disruption of uniformity in the overall patterns. It has been reported 
that the evaluation of similar defects using HI is based on the same interpretation of 
the fringe disruption (6,7) • 
Holes on back surfaces can be better evaluated using ITD induced fringe patterns in 
conjunction with thermal excitation. The continuous changes of fringe patterns are 
schematically illustrated in Figure 4.12. Initially fringe patterns are characterised 
by a group of ellipses accompanying overall rapid changes. The black spot on the 
upside of the specimen was related to the radiator and was not an indication of the 
presence of a hole. This was confirmed by the fact that a slight movement of the 
ceramic radiator led to the overall fringe patterns and black spot moving 
accordingly. The uniformity of correlation fringe patterns was slightly degraded. 
At this moment ETS played an important role in the fringe pattern formation. 
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a: Surface ho le b: ETS induced fringe patterns c: ITD induced fringe patterns 
Figure 4.11: A comparison of fringe patterns related to the presence of hole 
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Figure 4.12: Illustration of continuous variations of ITD induced fringe patterns 
'. for hole evaluation 
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However it was found that fringe patterns were likely to become decorrelated due 
to excessive deformation. 
When updating the reference state of the frame store, there were two black spots 
observable. Ihe upside one was still related to the radiator and the middle one was 
due to the effect of a back surface hole. Interference of the two spots made them 
difficult to be identified. In this case both EIS and lID played effective roles in 
producing fringe patterns. Subsequently the upside black spot became less apparent 
because its influence on fringes became much less significant. Instead, the black 
spot in the middle became clearer and more recognisable. lID had more influence 
on fringe patterns at this stage. Finally the influence of EIS virtually disappeared 
and only the black spot in the middle was recognisable, indicating the presence of a 
hole on the back surface. 
It has been demonstrated that the evaluation and determination of holes is relatively 
easier and more convenient using lID induced fringe patterns than EIS. The 
diameters of holes determined by the two methods are listed in Iable 4.3 and the 
corresponding fringe patterns is shown in Figure 13. Although there are difficulties 
in determining a 2.5mm diameter back surface hole using both methods, the 
diameters of back surface holes determined using lID induced fringe patterns are 
closer to the actual values. 
Also advantages USIng lID induced fringe patterns for determining holes at 
different depths are listed in Iable 4.4 and the corresponding fringe patterns are 
shown in Figure 14. In the case of EIS induced fringe patterns, it is difficult to 
detect a 3.4 mm deep hole but it is detectable by lID. The discrepancy in hole size 
determination compared with 'the actual ones increases with depth for both EIS and 
lID induced fringe patterns. However hole diameters determined by ITD are more 
accurate. 
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4.2.3 Evaluation of Del ami nations 
The last part of experimentation in this section is concerned with the detection of 
delaminations in GRP composite materials. Some difficulties were encountered 
with regard to the introduction of pure delamination. Traditionally, delaminations 
have been simulated by the inclusion of PTFE film between the different plies. 
Unfortunately ESPI can not successfully detect the presence of PTFE inclusions. 
This is because are little differences introduced into the obj ect surface displacement 
distribution. 
Although inclusions are not regarded as delaminations, they can be employed as 
delamination initiators. Different size PTFE inclusions were introduced between 
ply 5 and 6 and fabricated into the specimens. The specimens were subjected to 
flexural loading in a controlled manner until delaminations were initiated and 
developed somewhere in or around the inclusions. Unlike the cracks and holes 
discussed above, the introduction of delaminations caused some difficulties. The 
sizes and the geometrical features could not be precisely controlled. Therefore the 
geometry of the delaminations introduced in this manner were arbitrary in nature. 
The introduction of inclusions in the laminates did not result in any differences of 
specimen thickness. Potential thickness variations were eliminated when the 
specimens were subjected to pressure at elevated temperature during the fabrication 
process. However delaminations introduced in this way can lead to the obvious 
local increases of thickness in the delaminated area due to the occurrence of ply 
separation. Such increases of thickness were measured using 2D and 3D plotting 
technique. 
Different delaminations were introduced into laminates and a comparative study 
carried out examining fringe patterns from ESPI and 2D and 3D plots resulting 
from thickness variation measurements. Figures 4.15 to 4.19 show typical fringe 
patterns resulting from pure delamination characterised by ESPI in combination 
with 2D and 3D plots. It should be noted that this pictorial presentation can not 
exactly convey damage information and damage can be vividly observed by the 
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Figure 4.15: 2D and 3D plots and fringe patterns of pure delamination in 
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continuous and transient variations of fringe patterns on the monitor. It can be seen 
that the geometry of these delaminations is arbitrary in comparison with cracks and 
holes. The fringe patterns are characterised by unique features of fringe thickness, 
curvature, orientation and density in comparison with background fringes. A clear 
boundary was developed, dividing the specimen surface into two regions. The 
undamaged region had a tendency to deform less because of higher stiffness and 
rigidity in comparison with the damaged regions. The delaminated region tends to 
be relatively more deformed due to the presence of defects which significantly 
reduced rigidity and stiffness. A detailed discussion with respect to the similar 
damage evaluation and related mechanisms is presented in Section 5.1 and 5.4. 
The delaminated areas calculated from fringe patterns and thickness variations are 
. listed in Table 4.5. The areas determined using ESP! appeared invariably greater 
than those determined by thickness variation measurements. This may be explained 
by the fact that ESP! has a very high sensitivity to obj ect surface displacement 
distributions. In addition, the thickness variation measurements are susceptible to 
error to some extent due to two reasons. Firstly, the spatial resolution was limited 
to 2 mm for the practical restriction of the measurements using a micrometer. 
Secondly the data of the thickness was normalised according to appropriate 
algorithms in order to make 2D and 3D presentations. With reference to Section 
3.5, it can be seen that the areas determined by thickness variation measurements 
were expected to be smaller than those determined by correlation fringe patterns. 
Table "4.5: Comparison of delaminated areas determined by ESP! and thickness 
variation measurements 
Coupon 1 Coupon 2 Coupon 3 Coupon 4 CouponS 
Fringe 
Patterns 39 82 198 261 305 
(mm 2) 
Thickness 
Variations 26 60 178 237 268 
(mm 2) 
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It would have been ideal if deep delaminations could have been introduced. 
Unfortunately there are difficulties to introduce delamination in deep depth. Basically 
the deeper the delamination is located, the more difficult the specimen preparation is. 
A 24-ply laminate with PTFE inclusion in the middle was fabricated. It was proved to 
be extremely difficult to introduce the expected delamination because such laminates 
are very stiff and strong. The increase in loading would lead to the development of 
damage in such thick laminates. leading to different types of damage instead of the 
required pure delaminations. 
4.3 Summary 
The mechanical loading can be implemented by applying a static load and impact load 
to the specimens under study. The static load has only localised effect on the 
specimen. Comparatively the force transducer hammer is idelll for exciting the 
~pecimen mechanically because the load can be propagated in the coupon under study. 
In the case of thennal differentials stressing, infrared ceramic radiator is ideal to 
introduce temperature differentials for thermal excitation without mechanical noise 
and speckle decorrelation. Pressure differential stressing is not applicable due to the 
fact that the transparent Perspex panel will introduce the optical aberrations, leading 
to the decorrelation of optical speckle patterns. 
ESPI can be successfully employed to detect cracks and holes in conjunction with 
thennal excitation techniques. The ITD induced fringe patterns are demonstrated to 
be better than ETS ones. Similarly artificial delarninations can be identified and 
evaluated using ESPI in conjunction with mechanical stressing using a force 
transducer hammer. The experimental results concerning the defect evaluation using 
ESPI are listed in Table 4.6. It can be seen that the greater the cracks, holes and 
delaminations are, the more accuracy of the measurement is. And also the shallower 
the crack and holes are located, the more accuracy of measurement is. This table 
illustrated the sensitivity of ESP I to artificially introduced damage evaluation. 
Like other NDT techniques, ESPI experienced some difficulties in detecting small and 
deep defects. It has been already made clear that the defects can only be detected by 
106 
Chapter 4: Excitation Techniques and Evaluation o/Simulated De/ects 
..................................................................................................................................................................... 
ESPI if they create or cause discontinuities in surface displacement distributions. 
Defects in very stiff matrices can not be easily detected. The minimum resolvable 
fringe spacing of ESPI is approximately 1 mm, depending upon the testing system. 
When defect size is small in comparison with the minimum fringe spacing, it becomes 
difficult to identify them. In addition, there are differences between the simulated 
damage and damage encountered in real situations. The "real damage" is invariably 
more complicated than the artificially simulated ones. Therefore it is necessary to 
investigate the ESPI's capability to evaluate the naturally occurred damage. This will 
. be dealt with using traditional NDT techniques in the next chapter. 
Table 4.6: Results of artificially introduced defect evaluation by ESPI 
= 7.,. : . Original 
:'t,' • 5.0 10.0 15.0 20.0 25.0 . Different Crack Length 
•. : ,.C· 
Crack· .• ETS • 7.3 11.9 16.6 24.3 ,.",-,. ~~f Length (Credibility %) (.) (73) (79.3) (83) (97.2) (nim) , ITD 4.2 9.6 13.9 18.9 24.9 
......... ' .: .... · (Credibility %) (84.0) (96.0) (92.7) (94.5) (97.2) ~:.,. 
'.0, 1') ...... Crack ~., 3.42 3.07 2.05 1.02 0.68 . , Diri~rent .',' .. Deoth .I:n 
:"~ ~',~f Crack. i ETS 19.3 18.1 16.6 14.5 • ~'", '--;" . , i;j,:j~i~, DeptIi ,I,., 
· (Credibility %) (96.5) (90.5) (83.0) (72.5) (.) 
.":J:,:,::; (mm) lID 20.7 20.7 18.9 17.9 14.4 
hid ,,':: '., . (Credibility %) (96.7) (96.7) (94.5) (89.5 (72.0) 
" 
-::- Original : :"'.,;" 
· 2.5 5 8 10 15 ":':, ";~,:t' Different' Hole Diameter ', .. - ~, " -:;.:;:,/~: 
Hole '. ETS • 3.8 7.0 8.9 13.7 l;',j\£\;~, .. 
,.;','-':,;'" Diameter · I (Credibility %) (.) (76.0) (87.5) (89.0) (90.0) ~: (mDl) '" !TD .. 4.2 7.3 9.8 14.9 I,'" , (Credibility %) (oO) (84.0) 91.3) (98.0) (96.7) 
-
Hole ("0;':'1" 3.42 3.07 2.05 1.02 0.68 '~:>\-: Different Deoth 
,,":. Hole ETS 9.0 9.1 8.9 7.9 * 
'"i,; Depth I (Credibility %) (90.0) (91.0) (89.0) (79.0) (*) 
t;{1.j; (mm) lID 9.9 9.6 9.8 9.0 8.5 I (Credibility %) (99.0) (96.0) (98.0) (90.0) (85.0) 
b: Thickness' 39 82 198 261 305 
~" Delaminated Variation :.> .. 
Area Fringe 26 60 178 237 268 ~., ... , 
.:! (mm 2) Patterns (66.7) (73.0) (89.9) (90.8) (87.9) 
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The preceding chapter demonstrated that ESPI can successfully diagnose the 
artificially introduced cracks, holes and delaminations in GRP composite materials. 
However there are some differences between the "simulated" damage and "real" 
damage. Thus validation of test results from ESPI are necessary in an attempt to 
confidently characterise damage from different types of loading. The validation 
. .delleloped here is regarded as an extension of Chapter 4 in order to gain a better 
understanding of applicability of ESP! to damage evaluation for GRP composite 
materials. With regard to the speckle noise in intensity fringe patterns, optical 
phase data extraction is investigated in terms of damage detection in GRP 
composite materials with high visibility and clarity. Finally ESP! is employed to 
monitor the progressive damage development under incremental flexural loading 
and to evaluate the instrumented low velocity impact induced internal damage and 
its post impact mechanical properties. 
5.1: Validation 
The validation was carried out using visual inspection, and ultrasonic C-scan in 
conjunction with sectioning techniques. Ultrasonic C-scan is an established NDT 
technique and has been successfully applied in the NDT community (125-129). The 
..sectioning technique is a destructive method in nature but it has been widely 
practised in the investigation of FRP composite materials because it is capable of 
providing detailed information concerning damage. 
It would be ideal to validate ESPI as far as different types of loading are concerned, 
such as tension, compression, bending, impact, fatigue as well as environmental 
degradation (\30-\33). But this was impossible due to time and testing equipment 
constraints. The research was therefore focused on impact induced damage. Four 
different impacted specimens were selected for the testing. Damage was found 
generally to occur internally when specimens were subj ected to impact loading. It 
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is often referred to as Barely Visible Impact Damage (BVID) (134-136). In such case 
little or no damage indication on coupon surfaces is usually found by visual 
evaluation but internal damage has already occurred and has had an adverse effect 
on structural performances and integrity. This could lead to catastrophic failure at 
any subsequent moment. Thus in practical term a successful evaluation of such 
impact induced damage is of particular significance. 
5.1.1 Visual Examination 
Photographs of the front surfaces of four impacted specimens are shown in Figure 
5.1. It can be seen that there is no indication of the presence of damage on front 
surfaces in Coupons A, B and C, suggesting no defects at all in these three 
specimens. In the case of Coupon D, there is only a 9.2 mm diameter indentation 
on the front surface, implying a minor damage. Photographs of the back surfaces 
of the four coupons are shown in Figure 5.2. By contrast, cracks of different 
lengths appear on these back surfaces of Coupon B, C and D, indicating the 
presence of some damage. The cracks on back surfaces are 29.5, 36.5 and 65.5 mm 
in length, respectively. 
Visual examination is thought to be the easiest and most convenient defect 
diagnosis NDT technique and has been successfully practised for metallic and 
ceramic composite materials. Unfortunately, visual examination is not equally 
applicable to GRP and other polymer composite materials due to the fact that such 
materials are fabricated in different ways. GRP materials have a tendency to fail in 
different mechanisms from metallic and ceramic composites when subjected to 
various loading conditions. When GRP composite materials are subjected to low 
level stress, damage is usually initiated and developed internally, leaving no 
extensive damage indication on surfaces. 
It is clear that the cracks on the back surfaces and the indentations on the front 
surfaces hardly reflect real severity of damage in these coupons. It is unlikely that 
such damage can be determined quantitatively using visual inspection, leaving a lot 
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Coupon A Coupon B 
CouponC CouponD 
Figure 5.1: Photographs of front surfaces of four impacted coupons 
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Coupon A 
.. '.' - ' 
Coupon B 
CouponB 
Figure 5.2: Photographs of back surfaces of four impacted coupons 
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of confusion and uncertainty. As a matter of fact, the "real" damage is invariably 
more serious and complex than the cracks and indentations suggest and this will be 
discussed in the next sections. It is not recommended visual inspection be used as 
the sole criteria for damage assessment in FRP composite materials. 
There is another factor that makes visual inspection less attractive and practical. In 
the case of the evaluation of simple geometry specimens, visual inspection of back 
surfaces can be easily and conveniently carried out with the help of dye penetration 
techniques because the coupon under study is flat and both surfaces can be 
accessed without difficulty. However, it is often impossible to examine back 
surfaces of GRP composite components and structures in most circumstances due 
to restricted physical accessibility, such as the inner surfaces of different pipes, 
cylinders, containers and geometrically complex components and structures. 
Consequently it is very desirable for NDT techniques to be able to perform damage 
inspection from outer surfaces where there is usually no physical accessibility 
restrictions. 
5.1.2 Examination by ESPI 
The same four coupons described earlier were subjected to inspection using ESP!. 
The coupons were clamped on up and down sides in a purpose built jig as 
illustrated in Figure3.1 o. The coupons were excited mechanically using a force 
transducer hanuner as shown in Figure 3.11. Taking the physical accessibility 
restriction in GRP composite structures and components into consideration, only 
front surfaces were inspected rather than both front and back surfaces. 
The geometrical characteristics of internal damage evaluated by intensity fringe 
patterns, optical phase extraction techniques, ultrasonic scanning and sectioning 
techniques have been shown in Figures 5.3 to 5.6 in parallel. They exhibit good 
similarity and correlation in terms of damage geometry which will be discussed in 
the following sections in detail. 
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IQ mm 
A: Intensity fringe pattern B: Unwrapped optical phase map 
• 
I tOmml 
-
C: Ultrasonic C-scan graph D: Cross-sectioning graph 
Figure 5.3: Damage characteristics evaluated by intensity fringe patterns, 
unwrapped optical phase map of ESPI, ultrasonic C-scan and sectioning 
techniques of Coupon A 
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IOmm 
A: Intensity fringe pattern B: Unwrapped optical phase map 
C: Ultrasonic C-scan graph D: Cross-sectioning graph 
Figure 5.4: Damage characteristics evaluated by intensity fringe patterns, 
unwrapped optical phase map of ESPI, ultrasonic C-scan and sectioning 
techniques of Coupon B 
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A: Intensity fringe pattern 
C: Ultrasonic C-scan graph 
• 
• 
JOmm 
B: Unwrapped optical phase map 
IOmm 
D: Cross-sectioning graph 
Figure 5.5: Damage characteristics evaluated by intensity fringe patterns, 
unwrapped optical phase map of ESPI, ultrasonic C-scan and sectioning 
techniques of Coupon C 
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A: Intensity fringe pattern B: Unwrapped optical phase map 
C: Ultrasonic C-scan graph D: Cross-sectioning graph 
Figure 5.6: Damage characteristics evaluated by intensity fringe patterns, 
unwrapped optical phase map of ESPI, ultrasonic C-scan and sectioning 
techniques of Coupon D 
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The intensity fringe patterns from ESP! indicate the magnitudes and geometrical 
features of damage. As can be seen in Figure 5.3A, the correlation fringe patterns 
for Coupon A are characterised by good uniformity and continuity on specimen 
surface. The generation of fringe patterns is attributed to overall rigid body 
movement as a result of the loading. The spacing and orientation of fringes can be 
different depending upon different clamping and excitation conditions. However, 
the uniformity of spacing and orientations of the fringe patterns over whole 
specimen surface remained unchanged for specific conditions, showing no 
abnormalities. Therefore the conclusion was drawn according to the fringe features 
that there was no damage in Coupon A. 
The fringe patterns in Figures 5.4A to 5.6A indicate the presence of defects in 
Coupons B, C and D. The uniformity and continuity of fringes patterns that appear 
in Coupon A are degraded and interrupted to a great extent. The fringe patterns are 
characterised by complicated and abrupt variations of spacing, orientation and 
thickness, suggesting the presence of internal damage. 
The formation of abnormalities in fringe patterns can be explained as follows. The 
presence of damage reduces the strength and stiffuess of materials leading to 
different loading responses between damaged and undamaged areas. The 
undamaged. area had a tendency to deform or displace less than the damaged area 
when subjected to same loading condition. A boundary between undamaged and 
defective areas is likely to develop due to differences in stiffuess. The lower 
stiffuess of the damaged areas is responsible for the higher density and abnormality 
of fringe patterns due to excessive deformation in this region. Unlike thermal 
excitation, the fringe patterns triggered by mechanical excitation can be stabilised 
for a long period due to the permanent and irreversible deformation associated with 
the damaged areas. This deformation can be confirmed by an observation of 
structural features revealed by cross section analysis. Consequently differences in 
displacement fields are introduced. Although the differences may be very small in 
magnitude, ESP! is capable of picking them up in the form of abnormalities in 
fringe patterns due to its high sensitivity to displacement. 
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Figure 5.7 is a photograph of the typical morphology of a cross-sectioned surface. 
In addition to the presence of vertical cracks, shear cracks, upper interfacial 
delaminations and lower interfacial delaminations as indicated, it can be inferred 
that the brush-like and soft structures were developed between the different layers. 
There is direct evidence in the photograph where a highlighted area is readily 
recognisable in the central area and along the cracks. The dye was uniformly 
applied to the surface which would stain the specimen evenly during the sample 
preparation process if the cross sectional surface of the sample was uniform in 
density. The most likely reason for the formation of highlighted regions appears to 
be a dye penetration into the soft structures. Furthermore it can also be readily 
recognised that there is an increase in thickness in the central part of the specimen 
resulting from the formation of these soft structures. The formation of soft 
structures is further confirmed by observing the deplyed surface along the crack 
which is characterised by loose, broken fibres as illustrated in Figure 5.8. 
The impact energies for the four coupons were 1.82, 5.21, 8.34 and 21.30 J, 
respectively. It can be readily recognised from the four subsequent fringe patterns 
that the higher the energy introduced by the impact loading, the more serious the 
damage is. Different failure mechanisms are involved in the formation of damage 
including fibre breakage, fibre pullout, debonding' and delamination. There is no 
possibility for ESPI to provide specific information concerning these failure 
mechanisms. The damage evaluated in terms of abnormalities in correlation fringe 
patterns represents the global damage. 
It should be noted that extra care is necessary in the interpretation of damage in 
terms of abnormalities of correlation fringe patterns. The determination of 
geometrical features and ruagnitudes of internal damage might be susceptible to 
discrepancies for inexperienced users. Fringes in Figure 5.4a to 5.6a can be split 
into two categories. The first category involves the background fringes which are 
not associated with the damage. They are typically characterised as coarse fringes 
resulting from relatively small deformation under the same loading levels. These 
fringes are subjected to global variations when observation time is extended to the 
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Upper interface 
delamination 
Shear crack 
Vertical crack 
Figure 5.7: Cross section observation showing the damage features 
Figure 5.8: Structural features of the delaminated surface 
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order of minutes without updating the reference state. Global variations are 
attributed to uniform deformation as a result of environmental disturbances. 
The second category is the fringes which have a direct relationship with damage. 
There are three main features associated with this category. First of all, the fringes 
are thinner in comparison with the background fringes due to more displacements 
under the same loading level. Secondly intensity variations and discontinuities in 
the fringes are readily observable which are clearly illustrated in the fringe patterns 
for Coupons C and D. Thirdly the geometric characteristics of these fringes, unlike 
the background fringes, would remain unchanged when the observation time is 
similarly extended to the order of the minutes without frame updating. This is 
because that the deformation in the damaged area is greater in magnitude and can 
not be elastically recovered instantaneously. 
The scale of the four fringe patterns was calibrated and damage areas were 
calculated. The damaged areas of coupon A, B, C and D were 0, 188, 256 and 935 
mm2 ,respectively. When impact energy was only 1.82 J, it was below the 
threshold energy and no measurable damage was introduced ei~~er internally or on 
the surfaces. The impact energy was absorbed and dissipated via elastic 
deformation of the coupon. Increasing the impact energy to 5.21 J, the impact 
energy could not be completely absorbed by elastic deformation and consequently 
this led to different types of failures. In this case, the impact energy was absorbed 
or dissipated through the development of both internal damage and a crack on the 
back surface as well as elastic deformation. When impact energy was increased up 
to 21.30 J, there was a crack observable on back surface and an indentation on the 
front surface. It can be anticipated that a further increase of the impact energy at 
this loading level would lead to a penetration damage which is beyond the scope of 
this research. 
It has been demonstrated that the correlation fringe patterns from ESPI are capable 
of identifying damage in real-time but suffer from problems such as speckle noise, 
low visibility, background fringes and intensity variations. Due to these problems, 
it could be a tough task for inexperienced users to identify damage properly. These 
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problems can be circumvented using optical phase extraction techniques and 
damage can be visualised in tenns of optical phase infonnation with better 
visibility and readability which can be seen in Figures 5.3B to 5.6B. The optical 
phase infonnation extraction will be discussed in Section 5.2 in detail. 
5.1.3 Validation by Ultrasonic C-scan 
Ultrasonic Scanning techniques have been widely applied to damage evaluation in 
FRP composite materials. Ultrasonic C-scan is sensitive to delaminations due to the 
fact that they give rise to a strong return signal. It can also detect matrix cracks and 
broken fibres. Its principal and practical applications in damage evaluation for 
polymer composite materials are reviewed in Chapter 2.2. The magnitudes of 
attenuation can provide a means to evaluate damage. In the current case the validity 
of damage detennination by correlation fringe patterns was expected to be verified 
by ultrasonic C-scan techniques. 
Table 5.1 Damage areas (mm 2) determined by ultrasonic C-scan 
at different attenuation bands 
Attenuation -24 dB -20 dB -16 dB -12 dB -8 dB 
Bands 
Dark Light 
Colour Blue Blue Green Yellow Pink 
Coupon A 0 0 0 0 0 
CouponB 0 72 156 280 433 
CouponC 0 133 227 372 562 
CouponB 608 928 1168 1406 1649 
Experimentally the ultrasonic transmitter was programmed to scan over the surface 
of the specimens. The peak amplitude of returning signal at every scan point was 
stored in a computer data file and then processed to produce contours of the 
damage. The plots were then visualised graphically by splitting the attenuation 
121 
Chapter 5: Experimental Analysis of Test Specimen 
range into several bands from -24 dB to 0 dB which is illustrated graphically in 
Figures 5.3C to 5.6C. The -24 dB band corresponded to the lowest attenuation of 
ultrasonic waves and this is represented by a dark blue colour. This lowest 
attenuation only occurred in Coupon D in which severe damage was introduced by 
the highest impact energy. As illustrated in ultrasonic C-scan photographs for 
Coupon B, C and D, the -20 dB, -12 dB and -8 dB bands corresponded to different 
attenuation levels which are associated with different magnitudes of damage. They 
are characterised by light blue, green, yellow and pink in colour, respectively. 
In addition to visualisation of geometrical features of damage using ultrasonic C-
scan, the areas can be calculated by dedicated software. The calculation of 
damaged areas is implemented by integrating successively from -24 dB contour 
through to the areas by adding the -20 dB, -12 dB and -8 dB contours sequentially 
which are listed in Table 5.1. 
It should be noted that the determination of the damaged area is susceptible to some 
uncertainties in ultrasonic C-scan. Damage area in terms of -24 dB band 
attenuation is obviously not correct because the results suggest that damage only 
occurred in Coupon D. Visual inspection of reverse sides of Coupon Band C also 
indicate that this is not correct. On the other hand, the areas determined at -8 dB 
attenuation are not recommended because the attenuation characteristics are very 
similar to those of undamaged areas. The boundary is always unlikely to be 
accurately distinguished from the background. Whatever attenuation band is 
chosen, the technique indicates a tendency for damaged areas to increase with 
increasing the impact energy levels. A comparison between Figures 5.3 to 5.6 
shows a close geometrical resemblance between the correlation fringe patterns and 
ultrasonic C-scan graphs. The damaged areas determined at -16 dB attenuation 
band match reasonably well with those determined by correlation fringe patterns 
well for all four coupons. 
It is not sensible to claim that one NDT technique is better than another in terms of 
damage evaluation capability but ESPI is by no means worse than ultrasonic C-
scan. In this case it is clear that the determination of damaged areas using 
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ultrasonic C-scan is susceptible to some uncertainties. The damaged areas 
determined by sectioning techniques indicate that it is more appropriate to choose -
16 dB attenuation bands for damage area calculations. The damaged areas 
determined by sectioning techniques should not be smaller than those determined 
by other NDT methods. Sectioning techniques have a tendency to cause additional 
development of damage as a consequence of stressing during the sectioning 
process. 
5.1.4 Validation by Sectioning Technique 
Sectioning was accomplished by cutting the coupons and observing the cross 
sections with the help of an optical microscopy. It provided qualitative and 
quantitative information of damage, which was helpful for a better understanding 
ofthe failure mechanisms involved. 
All cross sections of the sectioned Coupon C are shown in Figure 5.9, indicating 
some fine detailed damage at different positions in the specimen. The damage 
magnitudes and failure mechanisms are different, depending upon the geometrical 
positions. The damage is a function of impact energy, material properties, clamping 
mode and striker geometry. 
The length of overall damage for each section was precisely measured and damage 
profiles were drawn up by adding the measurements of all sections sequentially. 
The resultant damage profiles for the four coupons are shown in Figures 5.3D to 
5.6D. The calculated damage areas are 17,223,330 and 1245 mm 2 , respectively. 
The results from this sectioning technique show a reasonably good agreement with 
those from both ESP! and ultrasonic C-scan in terms of overall geometric features. 
It should be noted that there is an obvious difference in terms of calculated damage 
areas. As can be seen, the damaged areas determined using sectioning techniques 
are consistently higher than those from ESP! and ultrasonic C-scan in Coupon B, C 
and D. This discrepancy was expected because mechanical loading during the 
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Figure 5.9: Sectioned stripes showing the internal damage 
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Table 5.2: A comparison of damage features evaluated using different techniques 
Testing Damage Areas Visual In~ction 
ESPI Ultrasonic Sectioning Crack Length (mm) Surface 
Specimens , (mm) C-scan (mm 2 ) Technique (mm 2 ) Indentation 
(mm) 
Coupon A 0 0 17 0 0 
Coupon B 188 156 223 29.5 0 
Coupon C 256 227 330 36.5 0 
Coupon D 935 1168 1245 65.5 9.2 
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sectioning process would lead to the further propagation and development of the 
existed damage. 
Basically the weaker the panel, the more serious this problem is. This can be 
further demonstrated by observing the structural details of cross sections as 
illustrated in Figure 5.9. The central part of sectioned stripes was more or less 
shattered, leaving clear voids due to mechanical loading. Obviously visual 
inspection does not suggest any shattering in the coupon due to impact stressing. 
Additional evidence is the small amount of damage observed in Coupon A. This is 
in contradiction to experimental results from ESPI and ultrasonic C-scan. It is clear 
that mechanical loading effects during the sectioning process are exclusively 
responsible for the formation of this damage in Coupon A. 
Finally the damage determined using visual inspection, ESPI, ultrasonic C-scan and 
sectioning techniques is summarised in Table 5.2. The capability and reliability of 
ESPI for damage evaluation has been successfully demonstrated. On the basis of 
this validation, ESPI can be confidently employed in practical situations. 
5.1.5 Summary 
It has been successfully demonstrated that ESPI is a viable and effective NDT 
technique for GRl' composite materials using conventional approaches such as 
visual inspection, ultrasonic C-scan and sectioning techniques. Visual examination 
can only provide limited information on surface concerning the damage and so it is 
not applicable to GRl' composite materials. Damage geometry and magnitude in 
GRl' composites can be evaluated with fringe pattern generated by ESPI technique 
which have very good agreement with the results from ultrasonic C-scan and 
sectioning techniques geometrically and numerically, which are recognised as 
conventional NDT techniques. It has been found that ESPI has many advantages 
over ultrasonic C-scan. The experimentation can be carried out in whole field, real 
time, non-contact, non-intrusive manner for ESPI and can be easily applied to 
different kinds of materials. However for ultrasonic C-scan, the water bath is 
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necessary for coupling the ultrasonic waves which means that evaluating of large 
components and structures are practically difficult and less economically 
competitive. In addition, ultrasonic scanning can not be successfully implemented 
if the materials have high attenuation factors. Lastly, information used for the 
damage characterisation and visualisation is related to the variations of acoustic 
signals. In this case, materials are evaluated acoustically rather than mechanically, 
and so the results are associated with material's stiffuess and strength in an indirect 
way. Comparatively, damage has been evaluated in terms of fringe patterns for 
ESPI, which is directly related to material's mechanical soundness and integrity. 
The findings from sectioning technique also gave additional support to ESPI's 
capability and applicability. 
The experimental findings here have reinforced the experimental results in Chapter 
4, which is concerned with simulated damage evaluation and built up confidence 
for its application. On the basis of this validation and verification of ESPI's 
applicability and capability, further work will be carried out with respect to image 
quality improvement and damage evaluation introduced by different types of 
loading. They are the investigations into optical phase extraction in section 5.2 and 
quasi-static and dynamic loading induced damage evaluation described in Section 
5.3 and 5.4. 
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5.2 Image Enhancement by Optical Phase Stepping 
Techniques 
It has been demonstrated in the preceding sections that ESPI correlation fringe 
patterns can be used. for damage detection in GRP composite materials. 
Unfortunately, they are of limited good visibility and readability because the spatial 
frequency distribution of the speckle pattern contains the data signal and it is 
embedded in optical noise. This is an inherent problem associated with speckle 
pattern interferometry. In this case, traditional noise suppression and image 
enhancement techniques were not applicable because any attempt to filter out the 
optical noise would result in considerable degradation of the data, leading to failure 
of the task. Another problem associated with intensity fringes is the impossibility of 
eliminating rigid body movement induced background fringes which have no direct 
relevance to the damage. The rigid body movement induced fringes are inevitably 
introduced when objects are excited by different stressing techniques. 
Under these circumstances interpreting correlation fringe patterns is difficult. Extra 
care and expertise are necessary in order to make an accurate and reliable evaluation 
of damage. Therefore it is of significance to investigate optical phase data extraction 
techniques which have the capability of detecting damage in GRP composite 
materials with high visibility and clarity. Light is an electromagnetic wave form 
which possesses both intensity and phase information. Both of them carry 
information on the displacement or deformation of an object surface under study. 
It has been demonstrated in Section 5.1 that unwrapped optical phase map is capable 
of indicating the damage with better clarity and readability. This section is mainly 
concerned with the optical phase extraction process. 
Determination of optical phase distributions can be achieved in ESPI by many 
techniques which have been discussed in Section 2.3.4. Successful implementation 
of optical phase extraction provides an opportunity to make a quantitative 
measurement and analysis of object surface displacement distribution, resonant 
vibration amplitude and displacement derivatives. In this research project, the 
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emphasis was placed on fringe quality improvement and enhancement for a better 
and more accurate interpretation of damage rather than displacement measurement 
and analysis. According to the literature survey, there has been considerable success 
in the quantitative measurement and analysis of object surface displacement fields 
using optical phase data extraction techniques but there are currently no publications 
available with respect to the application of optical phase information for fringe 
quality enhancement and noise suppression (89,93,96). ''Three bucket" phase stepping 
techniques were employed to extract optical phase information following the theory 
detailed in Appendix B. 
5.2.1 Intensity Fringe Patterns 
Although optical phase extraction experimentation was implemented for the four 
impacted specimens which were used to validate the effectiveness of ESP! for 
damage evaluation in GRP composite materials in Section 5.1, there is no need to 
present a complete description of optical phase data extraction of these four 
specimens because the principle and operation process are virtually identical. 
Therefore only Coupon B will be used to exemplify the whole process, 
Fringe patterns with discrete optical phase steps of -lr/2, 0 andlr/2 are shown in 
Figure 5.10. It can be seen that there are only slight differences introduced by 
stepping the optical phase -lr/2, 0 and lr/2 in the object beam in the 
interferometer. There is a stringent requirement that differences must be from 
precisely controlled optical phase stepping and no optical phase changes should be 
introduced by enviromnental disturbances, otherwise the algorithm would not hold 
true which lead to immediate failure of optical phase extraction. 
It has been shown that each interferogram indicates the geometrical features of 
damage with Iow visibility and readability. As discussed in Section 4.3, damage is 
characterised by abnormal fringe thickness, density and curvature in intensity fringe 
patterns. The geometrical characteristics of fringe patterns are closely associated 
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Figure 5.10: Three original intensity fringe patterns by phase stepping the object beam 
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with the nature of the damage and the excitation techniques. Although correlation 
fringes show the defects, damage identification from fringe patterns is difficult and 
problematic to a certain extent. The interferograms are inherently noisy and suffer 
from intensity variations as well as interference from solid body movement related 
background fringes. Thus it would be difficult to develop a direct correlation of the 
interferograms with the damage under inspection. 
It should be noted that damage becomes more recognisable by a real time 
observation of continuous variations of fringe patterns on a monitor. The fringes 
associated with solid body movement were found to be different in densities or 
orientations, depending upon the specific excitation techniques but the fringes 
directly related to damage had a tendency to remain unchanged geographically 
regardless of how the specimen was excited and at what moment the fringes were 
observed. Fringe manipulation could possibly reduce solid body movement induced 
background fringes but there is no possibility of removing them completely. 
5.2.2 Image Processing 
If acquired images were directly processed for extracting optical phase data, they 
would generate a "wrapped optical phase" with low signal to noise ratio or lead to . 
the failure of the task. Successful data presentation requires the stored fringe 
patterns to be filtered in such a way that speckle noise is removed and leaving the 
fringe information without apparent degradation. Unfortunately traditional image 
processing software packages can not be applied to achieve this objective because 
data spatial frequencies overlap with speckle noise frequencies. The most common 
and convenient solution to this problem is to perform a "windowing" operation in 
the frequency domain instead of in the spatial domain. 
Using Fast Fourier Transform (FFT) techniques, the spatial frequencies can be 
identified and accurately "windowed". Consequently the reverse transforms will 
only operate at the spatial frequency values. Care is required with this method 
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Figure 5.11: Smoothed intensity fringe patterns by FFf 
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because a small window size will not only remove speckle noise and increase fringe 
contrast but it is likely to erode and degrade the fringes themselves as well. 
The data in the frequency domain is then converted into the spatial domain using 
reverse FFT transformation. The resultant three interferograms by FFT operation 
are shown in Figure 5.11. It can been seen that the interferograms retained the 
geometrical features of the original fringe patterns and that optical speckle noise 
was suppressed. Image contrast was increased to a great extent. A comparison 
between original. fringe patterns and FFT processed ones indicates some 
improvement in readability but it was still not as good as expected. There was no 
possibility for the FFT operation to achieve further improvement in image quality 
because it would have led to the loss of fringe features. 
It is apparent that the fringes processed by FFT software are still unsatisfactory and 
unacceptable as far as fringe readability improvement is concerned for three reasons. 
First of all, the improvement in image clarity is not good enough and speckle noise 
is still recognisable. Secondly, the background fringes are still existing which leads 
to the difficulties in interpretation. Thirdly the FFT processed fringes are blurred, 
resulting in an additional interpretation difficulty. They are inherent problems 
associated with FFT operation. 
5.2.3 Optical Phase Data Extraction and Unwrapping 
With reference to Section 2.3.4, optical phase information can be extracted using 
different algorithms. The resultant "wrapped optical phase map" can be employed 
to show the object surface displacement distributions with high visibility and 
readability. Visualisation of damage in the form of a wrapped optical phase map is 
shown in Figure 5.12. It has been already made clear that there is a geometrical 
similarity between the wrapped optical phase map and intensity fringes but the 
wrapped optical phase map is fundamentally noise-free in comparison with intensity 
and FFT processed fringes. It can be seen that there is a clear boundary for easy 
determination of the damaged area in wrapped phase map. 
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Figure 5.12: Wrapped optical phase map 
Figure 5.13: Unwrapped optical phase map 
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Furthermore, the sinusoidal variations of the wrapped phase map can be unwrapped 
according to the algorithm presented in Appendix B. As can been seen in Figure 
5.13, the unwrapped optical phase data has been calibrated with respect to the 
interferometer used to generate the original interferograms. It is characterised by a 
smooth variations of grey scale values (0-255) across the global image instead of the 
individual fringe. 
It is impossible to employ traditional image processing software to filter out 
background fringe patterns in original intensity fringes, but it can be successfully 
achieved in unwrapped phase maps by choosing different filtering scales. It should 
be noted that the determination of filter parameters is dependent upon the 
observation of the dynamic variations of intensity fringe patterns. The filtered 
unwrapped optical phase map of Coupon B in conjunction with Coupon A, C and D 
are illustrated in Figures 5.3B to 5.6B, showing a significant improvement with 
respect to the image quality and readability. The unwrapped phase maps carry a 
direct and close resemblance to intensity fringe patterns. They also indicate a close 
resemblance to those from ultrasonic C-scan and sectioning techniques. 
Furthermore unwrapped optical phase information can be employed to generate a 
512 x 512 pixel data file of calibrated information which can be visualised in a 3D 
mesh plot using Matlab for Windows as illustrated in Figure 5.14. The displacement 
field of the impacted coupon is represented in a 3D mesh image in different colours 
and the damage can be identified in terms of excessive deformation in the centre 
which is represented by the red coloration. 
5.2.4 Limitations 
The applicability and suitability of optical phase stepping ESPI for NDT of GRP 
composite materials has been demonstrated but there are still some unique problems. 
The disappointing aspect of this technique is that the implementation of the 
phase stepping technique into a speckle interferometer has to satisfY specific 
operational conditions. Essentially the predetermined optical phase steps must be 
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introduced precisely to generate three or more interferograms according to the 
specific tasks. 
Errors are likely to be introduced due to two problems. The first results from the 
hardware in the system which related to the mis-calibration and non-linearity of the 
P?:T (137-138). A careful selection and precise calibration is recommended in this case. 
Another problem is the susceptibility of the system to any form of input error such 
as air turbulence and environmental vibration (139-140). The resultant fringe drift can 
easily exceed an acceptable level, leading to poor measurement accuracy. 
It is clear that the implementation of optical phase stepping techniques impose a 
stringent limitation on high fringe stability when the fringes are phase stepped and 
acquired. The operational time of stepping and acquisition is of the order of the 0.1 
to 0.2 seconds. Mechanical excitation induced fiinges pattems are very stable and 
therefore optical phase stepping techniques can be successfully implemented. 
Unfortunately, the optical phase stepping technique is not applicable to the 
enhancement of the fiinge patterns with regard to the detection of holes and cracks, 
which was presented in Section 4.2. This is because that holes and cracks are 
evaluated using ESPI in conjunction with thermal excitation techniques. Thermal 
differentials between the specimen understudy and ambient temperatures led to 
consistent variations in fiinge patterns. Introduction of pre-determined optical 
phase steps in the object beam is out of the question under these circumstances. A 
possible solution to this particular problem could be the introduction of a high 
speed phase stepping and interferogram acquisition system to reduce the time to the 
scale at which fiinge drift due to the temperature differentials is reduced to an 
acceptable degree or the use of carrier fiinge techniques which is currently being 
investigated at Loughborough University. Obviously a significant improvement of 
hardware is needed which is still a big challenge technically and economically. 
It should be noted that optical phase data extraction is computationally intensive. 
The post processing time involved can be of the order of several minutes. There is 
currently no possibility of implementing a real time operation. The possible solution 
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to this problem is to develop more advanced fringe pattern analysis software and 
corresponding hardware. 
5.2.5 Summary 
Advantages of "optical phase information" over "intensity fringe patterns" for 
detecting defects in GRP composite materials have been demonstrated in terms of 
improvements in visibility and removal of direction ambiguity. This significantly 
reinforced ESPI's capability as a novel NDT technique. The damage characterised 
by optical phase data has potential to be integrated directly with computer software 
package for automatic damage evaluation and detection. It should be noted that this 
technique is still subjected to some restrictions. Currently extraction of optical 
phase information is still confined to laboratory environments and less applicable to 
industries. However there are ongoing research projects at Loughborough University 
to deal with these problems. It can be anticipated that ESPI will become an 
increasingly popular and viable NDT technique once improvements on software and 
hardware are achieved. 
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5.3 Evaluation of Flexural Loading Induced Damage 
In order to establish a better understanding of applicability and capability of ESPI 
as a novel NDT technique, it was decided to employ ESPI for evaluating damage 
associated with different loading modes in GRP composite materials. Due to the 
limited time and availability of testing equipment, it was umealistic to make 
exhaustive investigations into all types of" load induced damage. Instead, the 
investigation was focused on two aspects of mechanical load induced damage, 
namely "quasi-static loading induced damage" and "dynamic loading related 
damage", respectively. Damage introduced during the composite fabrication 
process and damage associated with environmental factors, such as temperature 
shock, humidity, solvent and high energy particle bombardment, have not been 
taken into consideration. 
The first part of experimentation is concerned with monitoring the failure process 
of GRP composite materials including initial elastic deformation, damage 
initiation, progressive development and catastrophic failure under flexuralloading. 
The flexural properties of GRP composite materials and quasi-static mechanical 
performance have been extensively investigated. Unfortunately limited research 
has been carried out with respect to understanding of the failure process and 
mechanisms. It is widely accepted that it is useful and necessary to gain an insight 
into the failure process of GRP composite materials under flexural loading for 
structural design, quality control, performance enhancement and optimisations 
purposes. In addition, it has been widely accepted that specimens under flexural 
testing are subjected to tensile, compressive and shear loading at different locations 
in a complicated manner. Flexural loading is selected to represent the quasi-static 
loading modes because it involves different aspects of mechanical loading. 
5.3.1 Calibration Test 
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As discussed in Section 3.3.7, implementing a real time and in-line monitoring of 
the whole flexural testing process imposes practical problems for the use of ESPI. 
This is the disappointing aspect of ESPI in comparison with acoustic emission 
technique (141-143). Four reasons are responsible for the difficulties. First of all, it is 
impossible for an ESPI system to monitor both back and front surfaces of 
specimens under flexural loading due to the restricted geometrical accessibility. 
Secondly excessive deformation occurs under flexuralloading of the order of a few 
millimetres which is beyond its measurement range. Updating the reference state 
of speckle patterns can be a solution to this problem but it leads to difficulties in 
interpreting the fringe patterns. Thirdly, the surface displacement distribution of 
ESPI does not necessarily provide direct indication of damage presence in the 
specimens. In most circumstances special excitation techniques are necessary to 
"excite" damage. Finally ESPI suffers from a high susceptibility to environmental 
disturbance as a consequence of its high sensitivity to displacement. Mechanical 
vibration and noise from the testing machine and its surroundings can greatly or 
completely degrade the quality of fringe patterns. 
Nevertheless as shown earlier, ESPI has been demonstrated to be a viable damage 
evaluation technique and it was considered worthwhile to explore its applicability 
in monitoring damage development process. A convenient and practical solution to 
the problems mentioned above is to interrupt the flexural testing process at 
different loading levels. A number of specimens were loaded incrementally up to 
failure loading level at different intervals. In practice the testing was stopped at pre-
determined approximate loading levels. The specimens were then unloaded from 
the fixture and subjected to examination using ESPI. The intervals were not 
divided evenly from beginning of testing to the catastrophic failure point because 
damage was only initiated above a certain level. 
When a group of specimens are employed to monitor continuous and progressive 
development of damage under flexural loading, aberrations are likely to occur with 
all coupons involved, leading to errors or even complete failure of the 
experimentation. Therefore it is very important to ensure that all specimens exhibit 
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consistent response to the loading regime. Calibration tests were carried out to 
ensure that there was little difference among the five specimens. 
2000 
1800 
1600 
1400 
~ 1200 
Z 
~ 
(J) 1000 
~ 
0 
u- 800 
600 
400 
200 
0 
0 
-+-Load 1 1155 N 
__ Load 2 1185 N 
-,;.- Load 3 1288 N 
--lIf- Load 4 1362 N 
__ Load 5 1398 N 
2 4 6 
Displacement (mm) 
Figure 5.15: Force/displacement traces of flexural testing 
at different loading levels 
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Five coupons with size of 150 x 35 x 4 mm were used for the flexurally 
incremental loading. In the ideal case force/displacement curves for all five 
coupons would be superimposed together but this was practically impossible 
because of difficulties in experimentation. As can be seen in Figure 5.l5, the 
force/displacement traces of five selected coupons were fairly linear until final 
failure and overlapped each other reasonably well, indicating a consistent response 
of all five specimens to flexural loading. It should be noted that any specimen 
showing an apparent deviation from the load/displacement curves shown in Figure 
5.15 was excluded for further damage evaluation. 
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Detennination of loading levels was based on a preliminary observation of the 
response of specimens to flexural loading. It was found that no damage occurred 
until the load was increased up to approximately 80% of ultimate failure load as 
reported elsewhere (144-146) • Flexural testing was interrupted incrementally at 
loading levels of 1155 N, 1185 N, 1288N, 1362 N and 1398 N, and were denoted 
as A, B, C, D and E, respectively. Due to practical difficulties, it was not possible 
to precisely interrupt the testing at the expected loading levels, such as the level at 
which the first damage was initiated and catastrophic failure occurred. This was a 
restrictive aspect of this experimentation compared to real time and on-line 
monitoring and analysis. Nevertheless extra care was taken to stop the testing at 
the expected loading levels. It should be noted that the load of 1398 N for Coupon 
E was not the flexural force at which testing was interrupted but the peak value. 
There was no further increase of force beyond this peak force. The peak force was 
thought to be more relevant to the damage condition in the specimen. 
5.3.2 Visual Inspection 
Visual inspection can provide a direct indication of the presence of damage on the 
surface but limited infonnation concerning the subsurface and internal conditions. 
Figure 5.16 shows the surface appearances of compression sides where the loading 
head had a direct contact with the specimens in the middle regions. As can be seen 
in Figure 5.16, a short crack at the bottom of the specimen was readily recognisable 
when the flexuralload was increased to 1362 N. The crack was further developed 
by increasing the load and ultimately a through-the-width crack was developed at 
loading level up to 1398 N. 
Figure 5.17 shows the surface appearances on the tension sides of five coupons. 
There are some differences between the compression and tensile sides. Fine cracks 
across the width are recognisable both at 1288 N and 1362 N loading levels, 
showing an early occurrence of the damage in these cases. It should be noted that 
flaws in Coupons C and D are not as recognisable as cracks in Coupon E 
because they are very fine. Successful assessment of the fine cracks requires extra 
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Figure 5.16: Photograph of compression side under different loading levels 
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Figure 5.17: Photograph of tension side under different loading levels 
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care in specimen preparation and observation. The crack further developed with 
increased loading and developed into a coarse "through-the-width" crack, 
indicating catastrophic failure. Figure 5.18 is a photograph of the edge view of 
specimens at different flexural loading levels, indicating different damage 
conditions in terms of the residual deformation at these locations. Prior to 
catastrophic failure, the specimens deformed elastically and there was no obvious 
deformation observable from the edge view as a consequence of elastic recovery 
when removing the loading. Comparatively, the ruptured specimens at high loading 
levels exhibited permanent deformation as shown in the photograph. 
Figure 5.18: Photograph of side views of flexurally loaded coupons 
Although visual inspection can indicate the presence of surface cracks, it can be 
assumed that information from visual inspection of both "compression" and 
''tension'' sides are unlikely to characterise the true damage condition in the 
specimens. Therefore more effective and sophisticated NDT techniques are needed 
in an attempt to provide an accurate and complete description of the failure process. 
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5.3.3 Damage Analysis on the Compression Side of Coupons 
ESPI has been demonstrated a viable NDT technique for the global damage 
evaluation of GRP composite materials. It would be a successful further step 
forward if the process of damage initiation, progressive development and final 
collapse under flexural loading could be characterised by interpreting the ESPI 
correlation fringe patterns. 
The incrementally loaded coupons were clamped in a purpose build jig as shown in 
Figure 3.10. The dynamic loading is applied to the centre of the coupon using a 
force transducer hammer, which will introduce displacement differences due to the 
differences of stiffness and strength in damaged and undamaged areas and 
degradation of structural integrity. These differences can be registered by ESPI 
and revealed in fringe patterns. Figure 5.19 shows the fringe patterns on the 
"compressive" sides of the specimens under investigation. It can be seen that there 
is no damage occurring at a loading level of 1155 N. It has already been made 
clear in the preliminary observation that damage would not occur until the loading 
level reached a certain value, which would be a function of material properties and 
experimental detail. The presence of fringe patterns is due to rigid body movement 
when the specimen is SUbjected to excitation stressing. In this case the fringe 
patterns are characterised by good fringe continuity and uniformity in density, 
orientation and thickness due to the uniform load transfer and distribution in the 
specimen. 
When the load was increased to 1185 N, which was approximately 85 % of 
collapse load, a small amount of damage was observable in areas where the loading 
head had direct contact with the specimen. The most likely reason for this damage 
was the development of delamination due to the stress concentration associated 
with the direct contact of loading head with the specimen. This damage was 
unlikely to be observed by visual inspection because it occurred internally but 
fortunately could be diagnosed using ESP!. The presence of this damage destroyed 
the fringe continuity to some extent but global fringe patterns still retained a 
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A: 1155 N 
B: 1185 N 
C: 1288 N 
D: 1362N 
E: 1398 N 
Figure 5.19: Correlation fringe patterns of compression sides 
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reasonably good uniformity of density, orientation and thickness, indicating that 
specimen was still capable of sustaining additional load. 
When flexural load was increased to 1288 N, it was readily recognised that there 
was a pronounced increase of fringe discontinuities in the middle of the 
specimen in comparison with that at 1185 N due to the progressive development of 
localised damage. However, there was no significant difference with respect to the 
overall features of fringe patterns in comparison with that at 1185 N. The good 
uniformity of fringe orientation, density and thickness suggested that the specimen 
did not lost its overall integrity at this loading level. Similarly there was no 
indication of any damage present from visual inspection. 
When the load was further increased to 1362 N, the fringe patterns were 
transformed to such an extent that the uniformity of orientation and thickness was 
degraded to a great degree, suggesting the imminent occurrence of catastrophic 
failure. An acoustic noise was audible in this load range but unfortunately could not 
be registered without the availability of an acoustic emission testing system. Also 
evident was a pronounced increase in localised damage, indicating the possible 
immediate development of "through-the-width" damage. It was expected that a 
slight increase of load would lead to the catastrophic failure of the specimen. 
The fringe patterns were entirely transformed due to the specimen losing its 
monolithic features following the fonnation of "through-the-width" damage. The 
localised damage interconnected together due to the fast development· of 
degradation, producing a damage zone in which the fringes were too dense to be 
recognisable as a result of excessive deformations. The overall fringe patterns 
were clearly divided into two regions by a continuous damage zone in the centre. 
The differences in these two regions were characterised by distinct differences in 
correlation fringe density, thickness and . orientation. A "through-the-width" crack 
developed and was readily recognisable by visual inspection. 
The presence of a "through-the-width" crack destroyed the integrity of specimen 
completely. Load could not be transferred uniformly in the specimen and 
consequently resulted in different responses to the loading. When similar cracks 
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developed on both the compression and tension sides, the specimen could not 
sustain any additional load and failed catastrophically. It was accompanied by a 
significant drop ofload in load/displacement traces. 
5.3.4 Damage Analysis on the Tension Side of Coupons 
The five coupons were unloaded from the jig, turned over and clamped into the jig 
again where the tension side was exposed to the laser illumination. Dynamic 
mechanical loading using a force transducer hammer similarly excited the coupons. 
When the tension side was examined by ESPI, it was found that the fringe patterns 
exhibited similar features to those on the compression side. The process of damage 
initiation, progressive development and failure on the tensile side at different 
flexural loading levels is illustrated in Figure 5.20 in terms of. the degraded 
unifonnity and continuity of correlation fringe patterns. The presence and 
magnitude of damage is also characterised by disruptions of continuity and 
unifonnity of fringe density, thickness and orientation. 
By comparing each set of fringe patterns on the compression side with those on the 
tension side at the same loading level, it can be seen that there are some significant 
differences in tenns of damage development and magnitudes. Experimentally it is 
unlikely to establish the precise moment of damage initiation but the presence of 
greater damage on tension side may suggest that damage initiation on the tension 
side would occur first. The magnitude of damage at different loading levels on the 
compression and tension sides are illustrated in Figure 5.2 L It can be seen that the 
damage development on both sides increases linearly with increase in loading up to 
catastrophic failure. The damaged areas on the tension side are considerably greater 
than those on compression side, suggesting good agreement with the results of 
visual inspection. 
In addition to the damaged areas, observing correlation fringe patterns in 
conjunction with loading levels could provide more infonnation with regard to the 
differences in the failure process on the tension side. The fringe patterns at a load 
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A: 1155 N 
B: 1185 N 
C: 1288N 
D: 1362 N 
E: 1398 N 
Figure 5.20: Correlation fringe patterns of tension sides 
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of 1288 N have already exhibited a pronounced degradation ofunifonnity of fringe 
orientation and density. Comparatively similar degradation of fringe unifonnity 
would only be expected to occur at higher loads on the compression side. When 
the load is at 1362 N, a "through-the-width" damage zone in the centre of 
specimen developed and characterised by an extraordinarily high fringe density. 
The global fringes were cleaved into two parts with a conspicuous boundary. 
Continuity of fringes was completely destroyed due to the presence of damage. At 
this point the specimen could not sustain any additional load on the tension side 
and the specimen immediately collapsed. 
The fringe orientations on each side of the specimen exhibited distinct differences, 
confinning the fonnation of "through-the-width" damage. It should be noted that 
variations in the extent of orientation did not necessarily represent the damage 
extent, which was related to the employed excitation techniques and clamping 
modes. According to visual inspection, the crack was not "through-the-thickness" 
in nature because no cracks appeared on the compression side. It was expected that 
at this point the specimen would collapse with just a small increase of load due to 
the presence of "through-the-width" damage on tension and compression sides. In 
reality, the specimen immediately collapsed at 1398 N. The cracks had a tendency 
to propagate vertically under loading, leading to the formation of "through-the-
thickness" damage. The specimen was. not capable of bearing the load and failed 
completely. 
It is therefore concluded that compression and tension sides exhibit some different 
responses to flexural loading. The magnitude of damage on the tension side has 
been experimentally proven to be greater than on the compression side even though 
in the latter case there was direct contact with the loading head, indicating that 
specimen was more sensitive to tensile loading. It can be inferred that initiation of 
damage on the compression side was preceded by that on the tension side. This is 
in a good agreement with the findings published (18.141). The damage development 
process can be characterised by three main stages as the load increases. The first is 
·the fonnation oflocalised damage at low loading levels. The localised damage then 
spreads out with increasing load, leading to the fonnation of a continuous damage 
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zone which corresponds to the presence of a "through-the-width" crack on the 
surface. Finally a further increase of loading results in a vertical propagation of 
continuous damage zones on both sides and the specimen catastrophically fails. 
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5.3.5 Summary 
It has been demonstrated that ESP! can successfully monitor damage progressive 
development in specimens under flexural loading. Although damage evaluation 
using ESP! could not be implemented in real time and in line with the mechanical 
experimentation due to the practical constraints, it did provided a lot of infonnation 
with respect to the initial elastic response to load, damage initiation, progressive 
development and ultimate failure of GRP composite materials. 
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The success of the current work indicates that similar approaches could be adopted 
to study tension and compression induced damage although. The capability of ESP! 
as a novel NDT technique for GRP composite materials will be further investigated 
and demonstrated in Section 5.4 which describes the evaluation of low velocity 
impact induced damage as well as its relationship with residual flexural properties. 
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5.4 Evaluation of Impact Loading Induced Damage 
The part of the experimentation is concerned with practical applications of ESPI for 
evaluation of dynamic loading induced damage in GRP composite materials. It is 
of significance for· ESPI to be able to successfully evaluate dynamic loading 
induced damage because it involves complicated loading regimes and complex 
damage development mechanisms. It would have been ideal if both impact and 
fatigue loading induced damage had been evaluated using ESPI but fatigue induced 
damage was not taken into consideration in this section due to the limited 
availability of time and equipment. It is expected, however, that the findings 
developed from impact induced damage evaluation will be of great value for 
fatigue induced damage evaluation in the future. 
In addition, investigation into post-impact residual properties has received a lot of 
attention because it can show the residual load bearing capability (147-148) of 
components and structures. The evaluation of these residual properties has been 
usually achieved by carrying out different mechanical tests according to specific 
requirements (149-152). Of particular interest is to establish a correlation between the 
extent of damage and residual mechanical properties. This correlation can be 
employed to non-destructively and directly predict and estimate post-impact load 
bearing capability of GRP components and structures. 
5.4.1 Impact Testing 
The impact performance of GRP composite materials depends upon many factors, 
including the nature of fibre, matrix, interface, geometry and testing conditions. 
Impact testing is generally split into two categories (153-156). The first is impact 
testing under relatively low energy impact where the composites are damaged but 
still capable of performing its primary function. The second is impact testing under 
higher energy impacts where composites are completely ruptured or penetrated by 
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the striker. The fonner is generally simulated using a Iow velocity falling weight 
or a swing pendulum tester and the latter using a gas gun or some other ballistic 
launcher. 
The responses of GRP composite materials to impact loading are extremely 
complicated and have already received considerable attention (157-162) • Investigation 
into the fracture toughness and impact resistance of GRP composite materials is not 
main concern of this study. Instead damage evaluation and the establishment of 
correlation between the various impact event parameters have been studied. In 
order to achieve these obj ectives, an instrumented Iow velocity falling weight 
impact machine was employed to introduce damage using a hemispherical and a 
chisel shaped strikers. Clearly there was of little interest in evaluating complete 
penetration impact damage in the context of the NDT because damage is readily 
recognisable by simple visual inspection. Therefore the impact energy levels were 
pre-deterrnined and controlled by varying the striker heights in order to introduce 
non-penetration damage in specimens as detailed in Chapter 3. 
Two sets of force/time and force/deflection traces at six loading levels are 
illustrated in Figures 5.22 to 5.25, which represent the hemispherical and chisel 
shaped strikers related impact events respectively. The force/time traces of two 
sets of impact tests are indicative ofload history which has a link with the initiation 
and development process of damage. Both force/time traces of two strikers exhibit 
similar trends with a complex series of peaks and"troughs. 
The overall curves can be approximately divided into two parts at the maximum 
impact force. The fonner part is dominantly related to damage initiation. There is a 
linear increase of force with the time at the start of loading, indicating the elastic 
response of the specimen and no damage is expected to occur. It can be seen that 
there are pronounced fluctuations in damage initiation regions with increasing in 
loading which suggests that the initiation of damage at different moments and 
by different mechanisms. The latter is mainly associated with damage 
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Figure 5.25: Force/deflection traces of impact events with chisel shaped striker 
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propagation in which the force has a monotonical decrease with increasing the 
time, suggesting an overall damage propagation. It should be noted that force/time 
traces are similar to those in penetration impact testing but the implications are 
fundamentally different. In the case of penetration impact events, load drops are 
linked to major fracture processes such as fracture of fibre bundles or complete 
plies. Comparatively the second part of curves for non-penetration impact events 
are associated with both the elastic and plastic deformations in specimens. The 
striker would be bounced upwards from the specimen surface due to elastic 
collision and caught by a striker "catcher" which prevented the secondary strike. 
Force/deflection traces are indicative of the deformation and damage development 
history of specimens which in turn have a corresponding relationship with 
force/time traces. General force/deflection traces can be approximately subdivided 
into different stages. The first stage is referred to as linear load/deflection 
deformation due to the elastic response of the specimen to loading. No damage 
occurrence was expected at this stage. The removal of applied load would result in 
complete recovery from the deformed state to the original specimen position. With 
increasing load, the specimen yielded which implied the onset of plastic or 
permanent deformation. This deformation leads to a sudden drop in load. 
Once the load reached its maximum, it would decrease rnonotonically and the 
deflection decreased accordingly due to the gradual recovery of elastic 
deformation. The force/deflection traces of non-penetration impact events are 
substantially different from those of penetration impact events in which the 
decrease of force is related to further damage development when the striker 
penetrates through the specimen leading to further damage development. In the 
case of non-penetration impaCt, the peak forces approximately coincide with the 
maximum deflections in the force/deflection curves which is significantly different 
from the penetration impact events. It can be seen that impact energy has a 
significant influence on the magnitUde of the permanent deflection. 
The impact testing results with respect to hemispherical and chisel shaped strikers 
are shown in Tables 5.3 and 5.4, respectively. It can be seen that peak forces 
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increased linearly with increasing the striker height. There were some differences 
in force magnitude for the two types of strikers. In the case of the hemispherical 
striker it exhibited relatively higher force magnitudes but with shorter contact time 
in comparison with that of the chisel shaped striker. This may be explained by 
differences in striker geometry which leads to different stress states and responses. 
Similar differences are also shown in peak deflections, indicating that higher 
defections were introduced when using the chisel shaped striker. 
The peak deflections of the impact events related to both the hemispherical and 
chisel shaped strikers exhibited similar trends which are characterised by a 
monotonical increase with increase in the released striker heights. However 
linearity substantially deteriorated in deflections at failure because damage 
development and elastic recovery in these specimen had an effect on this process in 
the complicated ways which made it difficult to produce quantitative descriptions. 
It is widely recognised that energy is the best parameter to characterise damage and 
is preferably employed to correlate with damage magnitude. It has been proved that 
incipient energy to correlate with damage magnitude is not appropriate because 
part of the incipient energy is dissipated in the form of vibration and sound during 
the testing process. This part of energy has no direct relevance to damage 
development. Peak energy consists of the energy absorbed via elastic deformation 
of the specimen and the energy dissipated via damage initiation and propagation. 
For non-penetration impact events, peak energy is invariably higher than the failure 
energy due to elastic recovery when striker is bounced upwards and lose direct 
contact with specimen surface. It is different from the penetration impact events in 
which peak energy is consistently lower than failure energy due to the complete 
rupture of specimens. It is clear that failure energy is exclusively responsible for 
the damage initiation and propagation in the specimen. In this case it is expected 
that a correlation between failure energy, damage magnitudes and residual flexural 
properties could be established for the post-impact load bearing capability 
estimation. 
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Table 5.3: Impact testing results with hemi-spherical striker 
Specimen Number HSl HS2 HS3 HS4 HS5 HS6 
Striker Height (mm) 250 350 450 550 650 750 
Peak Force (KN) 2.38 2.69 3.18 3.38 3.72 3.87 
Peak Deflection (mm) 2.8 3.5 4.0 4.4 4.6 5.1 
Peak Energy (1) 4.81 6.88 8.89 11.13 13.05 14.82 
Deflection At Failure (mm) 1.2 1.6 2.1 2.0 2.5 2.6 
Energy At Failure (1) 3.79 5.53 7.21 8.76 11.13 12.12 
Table 5.4: Impact testing results with chisel shaped striker 
Specimen Number Cl C2 C3 C4 CS C6 
Striker Height (nun) 250 350 450 550 650 750 
Peak Force (KN) 2.69 3.15 3.77 4.39 4.60 5.33 
Peak Deflection (mm) 2.1 2.7 3.3 3.6 3.9 4.2 
Peak Energy (1) 4.75 6.80 8.79 10.95 12.98 15.05 
Deflection At Failure (mm) 1.1 1.2 1.8 2.0 2.0 2.2 
Energy At Failure (J) 4.01 5.57 7.25 8.84 10.79 12.38 
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Force/time and force/deflection traces provide some useful information with regard 
to damage initiation and propagation but they can not be employed to establish a 
direct understanding of damage conditions in the specimens. The force and 
deflection history of the specimen subjected to impact loading is only an indirect 
indication of impact damage and can not be directly correlated with the severity 
and geometrical features of damage. Under these circumstances NDT techniques 
are needed in an attempt to develop a better understanding concerning the damage 
associated with impact stressing. As ESPI had already been demonstrated to be 
capable of providing precise information concerning damage features and 
consequently it was employed here for such impact induced damage evaluation. 
5.4.2 Damage Evaluation by ESPI 
Prior to damage evaluation using ESPI, a visual inspection was carried out on the 
impacted specimens. Visual inspection can provide a certain amount of information 
concerning the damage but it is hardly able to provide a complete picture because 
of its inability to detect internal damage. As already stated in Section 5.2 there 
were no significant differences revealed by visual inspection procedures and so 
they would not be discussed here. 
The impacted coupons were clamped on up and down sides in a purpose build jig 
as shown in Figure 3.10. The dynamic loading is applied to the centre of the 
coupon using a force transducer hammer, which would introduce deformation 
differences due to the differences of stiffuess and strength in damaged and 
undamaged areas. The fringe patterns associated with six impact energy levels 
using hemispherical and chisel shaped strikers are illustrated in Figures 5.26 and 
5.27, respectively. The evaluation of damage is based on much the same 
interpretation of the fringe patterns as discussed previously. Degradation and 
disruption of uniformity and continuity of fringe orientation, density and thickness 
were indicative of damage presence in the specimens. It can be seen that magnitude 
and severity of damage is increased with increasing the pre-determined releasing 
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Figure 5.26: Fringe patterns of impact damage introduced 
by hemi-sphericaJ striker 
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Figure 5.27: Fringe patterns of impact damage introduced-
by chisel shaped striker 
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heights of the two strikers, which corresponds to different impact energies. For 
both hemispherical and chisel shaped strikers, there are lineal relationships between 
the damaged areas and impact energies which is illustrated in Figures 5.28 and 
5.29. The linearity between the damaged areas and energy at failure was expected 
because energy at failure represents the energy dissipated or absorbed at the 
expense of damage occurrence. The same linearity between the peak energy and 
the damaged areas implied that a very similar percentage of energy was absorbed in 
the form of elastic deformation, which subsequently recovered elastically. It was 
expected that the damage related to different impact loading levels could be 
approximately predicted although an extrapolation might not be completely 
appropriate. A wide impact stressing range is suggested for future work to develop 
a understanding of correlation between the impact energy and damage magnitudes. 
5.4.3 Residual Flexural Strength and Modulus 
The investigations into post-impact load bearing capability involving different 
types of stressing for GRP composite materials have received a lot of attention. It 
is of particular interest to understand to what extent the impacted materials can 
sustain further loading. It has been found that tensile, compression and flexural 
properties can be reduced because of the presence of impact damage in the 
specimens (146,163). In this study only flexural testing was carried out to evaluate 
post impact properties, especially flexural strength and modulus. It was anticipated 
that a correlation between the impact energies, magnitudes of damage and residual 
flexural properties could be established in order to understand further the post-
impacted performances of GRP composite materials. 
The relationships of residual flexural properties with increasing impact damage 
energies are illustrated in Figures 5.30 and 5.31. It is demonstrated that the impact 
events using both hemispherical and chisel shaped strikers resulted in reductions in 
modulus and strength to vruying degrees. Although the magnitudes of reduction in 
residual properties related to the hemispherical striker appeared to be slightly lower 
than those related to the chisel shaped striker, there was no significant difference. 
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Both of them exhibited the same trends of decrease with increasing impact 
energies. 
The responses of residual modulus and strength to impact events are different to a 
certain extent under the same circumstances. The residual flexural modulus was 
slightly reduced with increasing the impact energies. The maximum reductions for 
both strikers are approximately 20%, indicating that the flexural modulus is not 
particularly sensitive to a damage presence in the specimens. Comparatively 
flexural strengths were severely affected by impact damage, leading to much higher 
reductions. The maximum flexural strength reductions for hemispherical and chisel 
shaped strikers related impact events are approximately 40% and 30%, 
respectively. 
It can be concluded that residual flexural strengths are more sensitive to impact 
damage in comparison with residual flexural moduli. This higher sensitivity can be 
explained by the fact that in most cases impact damage is localised and therefore it 
has less effect on global properties such as modulus. The calculation of modulus 
only involved the initial linear part of the force/deflection curves. Conversely 
localised impact damage can have an significant influence on the load bearing 
capability of materials, referred to as ''residual strength" or "strength after impact". 
The flexural strength was calculated using the ultimate force which the specimens 
could sustain which were dramatically reduced due to the presence of impact 
damage. Very similar experimental results were reported regarding post-impact 
performance (18,163) • 
It is also interesting to look into the relationship between the residual properties 
and the damaged areas. Figures 5.32 and 5.33 show the change in residual 
properties as a function of the damaged areas. Reductions in flexural modulus and 
strength were introduced to different extents as a result of the presence of impact 
damage. It has been found that the curves are extraordinarily similar to those in 
Figures 5.30 and 5.31. The similarity can be explained by the very good linear 
relationship between the impact energy and the damage area. 
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5.4.4 Summary 
An instrumented low velocity impact machine has been employed to introduce 
non-penetration damage in specimens which were then subjected to NDT using 
ESPI and flexural testing. Force/time and force/deflection traces are indicative of 
defonnation and damage history in specimens but they are unlikely to be directly 
correlated with the damage introduced. It has been demonstrated that ESPI can be 
successfully employed to evaluate this impact-induced damage with direct and 
quantitative infonnation concerning damage magnitude and geometrical features. 
Post impact flexural property testing showed that flexural strength was more 
sensitive to the presence oflocalised impact damage compared to flexural modulus. 
It has been found that the damage areas are increased with an increase of the 
energy at failure. The successful evaluation of impact induced damage using ESP! 
could be extended to the investigation of fatigue induced damage as well as the 
mechanical degradation. Furthennore the correlation between impact energy level, 
damage areas and residual flexural properties offers the possibilities to make an 
estimation and prediction of residual properties. 
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Chapter 6: Conclusions 
The ESPI's applicability and capability damage evaluation in GRP composite 
materials has been studied and discussed. Several conclusions can be drawn from 
this work on the basis of the experimental results discussed in Chapter 4 and 5. For 
clarity, the conclusions have been presented as itemised points under specific 
headings. 
6.1 Determination of Excitation Techniques 
Determination of excitation techniques required consideration of testing feasibility, 
the specific requirements of the task and the economical viability. Mechanical, 
thermal and pressure differential excitation techniques were investigated. In the 
case of mechanical loading, static one was achieved by applying a point force to 
the specimen surface while dynamic loading was implemented by striking the 
specimen surface using a force transducer hammer. Static forces are not effective 
in exciting large area damage due to the fact that the stressing is applied to the 
coupon in limited areas and there is little effect on neighbouring areas. Dynamic 
stressing is a stress wave which can propagates through the specimen and 
neighbouring areas are effectively stressed in comparison with the static stressing. 
Unfortunately pressure differential excitation techniques only gave limited success 
due to reduced laser efficiency and optical aberrations related to the overall 
deformation of Perspex plates. Thermal stressing were implemented in different 
ways, such as using a hairdryer, infrared ceramic radiator, refrigerator and 
evaporative solvent. Of these the infrared ceramic radiator has been demonstrated 
to be the most suitable for applying heat to specimens without optical and 
mechanical interference. 
6.2 Evaluation of Simulated Defects 
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A basic understanding has been established by studying artificial cracks, holes and 
delaminations using ESP!. The features of fringe patterns of surface cracks and 
holes are characterised by fringe discontinuity and abrupt variations of fringe 
orientation and curvature in the vicinity of the defects. In the case of cracks and 
holes on the back surface, it has been experimentally demonstrated that they can be 
diagnosed in conjunction with thermal excitation techniques in two different ways. 
They are referred to as ETS induced fringe patterns and ITD induced fringe 
patterns. The main features of ETS induced fringe patterns in the defective 
specimens are localised abnormalities and perturbations on the background fringes. 
ITD induced fringe patterns appear to be particularly applicable to damage 
evaluation for GRP composite materials in conjunction with thermal excitation 
techniques due to their relatively low thermal conductivity, high thermal expansion 
coefficients and low modulus and due to the interferometric sensitivity and real-
time observation of ESP!. The differences of accuracy in determination of 
geometry have demonstrated that ITD induced fringe patterns are better than ETS 
induced ones. Internal cracks exhibit similar responses to thermal excitation and 
lead to similar interruption of fringe patterns. 
As far as delaminations are concerned, ESPI is not applicable to the detection of 
traditionally simulated defects. The presence of an inclusion did not lead to the 
obvious mechanical degradation. Delaminations were introduced by subjecting 
specimens with foreign inclusions to flexuralloading. Unlike the simulated cracks 
and holes, the sizes and the geometrical features of delaminations could not be 
precisely introduced in a predetermined manner. Instead the delamination geometry 
introduced was arbitrary in nature. These delaminations led to an apparent increase 
of thickness in the delaminated area due to the occurrence of ply separations. A 
clear boundary was developed, dividing the specimen surface into two regions. 
The undamaged region had a tendency to deform less because of higher stiffuess 
and rigidity in comparison with the damaged regions. Thickness variations tended 
to be indicative of delamination. The fringe patterns related to delaminations were 
characterised by the unique features of fringe thickness, curvatures, orientations 
and density in comparison with background fringes. 
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6.3 Validation 
Validation has been carried out using visual inspection and ultrasonic C-scan in 
conjunction with sectioning techniques. Visual examination has been regarded as 
the easiest and most convenient NDT technique. It has been successfully employed 
to diagnose defect in metallic and ceramic composite materials but is not equally 
applicable to GRP composite materials. This is due to the fact that GRP composite 
materials are fabricated in different ways from metallic and ceramic composites. 
When GRP composite materials are subjected to stress, damage usually initiated 
and developed internally, leaving limited or even no indication on the surface. 
Therefore it is inappropriate to use visual inspection alone for damage assessment. 
The correlation fringe patterns from ESPI have been demonstrated to indicate the 
magnitudes and geometrical features of damage. The overall fringe patterns can be 
divided into two categories, namely "background" and "damage". The fringes 
associated with damage are characterised by high density, apparent density 
variations and insensitivity to enviromnentai disturbances. Vertical cracks, shear 
cracks, upper interfacial and lower interfacial delaminations were observed on the 
cross-section surfaces. 
Ultrasonic scanning technique has been employed to evaluate the same coupons. 
The damage has been visualised and calculated by dedicated software in terms of 
geometrical features and magnitude, indicating good agreement with results from 
ESP!. ESPI has many advantages over ultrasonic C-scan. The experimentation can 
be carried out in whole field, real-time, non-contact and non-intrnsive manner for 
ESP!. It has no restrictions and· can be easily applied to different kinds of 
materials. However for ultrasonic C-scan, a water bath is necessary for coupling the 
ultrasonic waves which means that evaluation of large components and structures 
are practically difficult and less economically competitive. In addition, ultrasonic 
scanning can not be successfully implemented if the materials have high acoustic 
attenuation factors. Lastly, information used for the damage characterisation and 
visualisation is related to the variations of acoustic signals in ultrasonic C-scan. In 
this case, materials are evaluated acoustically rather than mechanically, and so the 
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results are associated with material's mechanical performance in an indirect way. 
Comparatively, damage has been evaluated in terms of fringe patterns in ESP!, 
which is directly related to material's mechanical soundness and integrity. 
Sectioning techniques provide qualitative and quantitative information on damage, 
which is conducive to understanding the damage development and ultimate failure 
mechanisms of composite materials. The results from sectioning techniques in the 
current case showed a reasonably good agreement with those from both ESP! and 
ultrasonic C-scan in terms of overall geometric features. Some discrepancy was 
expected for sectioning techniques because of the additional mechanical loading 
during the sectioning process, leading to further propagation and development of 
the existing damage. 
6.4 Image Enhancement by Optical Phase Stepping 
Although correlation fringes show defects, damage identification from intensity 
fringe patterns is relatively difficult and problematic. The interferograms are 
inherently noisy and suffer from intensity variations as well as interference of solid 
body movement related background fringes. Traditional noise suppression and 
image enhancement techniques are not applicable because removal of optical noise 
would result in considerable degradation of the optical data. 
The intensity fringe patterns processed by FFT operation have indicated some 
success in removal of speckle noise but it was still unsatisfactory and unacceptable 
due to limited improvements in image quality, inability to remove rigid body 
movement induced fringes and additional blurring effect which was inherently 
associated with FFT operation. The wrapped optical phase map is fundamentally 
noise-free in comparison with intensity and FFT processed fringes. It has been 
demonstrated that there is a clear boundary for easy determination of the damaged 
area using wrapped phase map. Unwrapped optical phase data has been calibrated 
with respect to the interferometer used to generate the original interferograms, 
presenting a smooth variation of grey scale values. The filtered unwrapped optical 
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phase map bears a close and direct resemblance to intensity fringe patterns which 
provides opportunities for computer assisted quantitative diagnosis and analysis. 
6.5 Evaluation of Defects Induced by Flexural Loading 
Implementation of real time and in-line monitoring of the whole flexural testing 
process is difficult using ESP! due to practical difficulties resulting from restricted 
geometrical accessibility. In addition, deformation under flexuralloading can be of 
the order of a few millimetres which are beyond the measurement range of ESP!. 
Furthermore, ESPI suffers from high susceptibility to environmental disturbances 
as a consequence of its high sensitivity to displacement and deformation effects. 
Experiments were carried out to see if it was feasible to understand the failure 
processes of GRP composite materials from elastic deformation, damage initiation, 
progressive development and catastrophic failure by interrupting flexural testing at 
different loading levels. 
Visual inspection can provide a direct indication of the presence of damage on the 
surface but with limited information concerning the subsurface and internal 
conditions. The damage is characterised by abrupt variations of fringe spacing, 
orientation, continuity, curvature, and thickness of fringe patterns which can be 
lively and intuitively observed on monitor. Fringe patterns indicated that no 
damage occurred until the load was increased to approximately 80% of ultimate 
failure load. The damage presence degraded the fringe continuity to some extent 
but the global fringe patterns still retained a reasonably good uniformity of density, 
orientation and thickness. The presence and magnitude of the damage was also 
characterised by progressive increase of degradation and disruption of continuity 
and uniformity of fringe density, thickness and orientation. The magnitude of 
damage on the tension side of the coupons has been experimentally demonstrated 
to be greater than that on the compression side despite the fact that there was direct 
contact on the compression side with the loading head, indicating that the specimen 
was more susceptible to tensile loading. It can be inferred that precedes initiation 
of damage on the compression side on the tension side. 
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6.6 Evaluation of Defects Induced by Impact Loading 
An instrumented low velocity falling weight impact machine has been successfully 
employed to introduce non-penetration damage using a hemispherical and a chisel 
shaped strikers. The force/time traces from two sets of impact tests are indicative of 
the load history, showing the damage development. There is a linear increase of 
force with time at the beginning of loading. Pronounced fluctuations occurred in 
the damage initiation regions with increase in loading, which suggested that the 
initiation of damage at different time intervals and with different mechanisms. 
After the peak value the force exhibited a monotonical decrease with increasing 
time, suggesting an overall damage propagation. 
Force/deflection traces are indicative of the deformation and damage development 
history of specimens and have a corresponding relationship with force/time traces. 
The elastic response of specimens leads to linear load/deflection deformation 
without damage occurrence. With an increase in loading, plastic and permanent 
deformation occurred which was accompanied by a sudden drop in load. 
Deflection decreased monotonically due to the gradual recovery of elastic 
deformation which was substantially different from that associated with penetration 
impact events. In the case of penetration impact events, the decrease of force was 
related to further damage development. 
Incipient energy can not be directly correlated to damage magnitude because part 
of this energy is dissipated in the form of vibration and sound during the testing 
process. Peak energy consists of energy absorbed via elastic deformation of 
specimen and the energy dissipated via damage initiation and propagation. Failure 
energy is exclusively responsible for damage initiation and propagation in the 
specimen and has a direct correlation with impact damage status. 
The fringe patterns from ESPI have been successfully employed to characterise the 
damage related to different impact events at six incremental energy levels. 
Degradation and disruption of uniformity and continuity of fringe orientation, 
density and thickness are demonstrated to be indicative of internal damage in the 
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specimens. Similarly these can be lively and intuitively observed on monitor. It 
has been found that damage magnitudes and severity show good correlation with 
failure energy. 
It has been also shown that impact events resulted in reductions in flexural modulus 
and strength to varying degrees. The residual flexural modulus decreased with 
increasing impact energy. The maximum reductions for both impact events were 
approximately 20%, indicating that flexural modulus was not sensitive to the 
damage presence in the specimens; Comparatively the residual flexural strengths 
were severely affected by impact, leading to greater reductions. The maximum 
flexural strength reductions for hemispherical and chisel shaped strikers related 
impact events were approximately 40% and 30%, respectively. This higher 
sensitivity of flexural strength to damage was due to the fact that localised impact 
damage can have a significant influence on load bearing capability. 
In general, an investigation into ESP!' s applicability and suitability as an NDT 
technique has been carried out and different types of damage has been successfully 
visualised and quantified. The objectives and aims set out in introduction have been 
satisfactorily met. 
• Artificially simulated damage including holes, cracks and delamination have 
been successfully evaluated in combination with different excitation techniques. 
• A comparison study has been successfully implemented using visual inspection, 
ultrasonic C-scan and sectioning techniques and good correlation established. 
• The speckle noise in fringe patterns has been successfully dealt with and the 
image quality has been significantly improved. 
• It has been demonstrated that ESP! is capable of monitoring the progressive 
damage development under flexural loading (quasi-static) and give rise to 
information concerning the failure mechanisms. 
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• The viability of ESPI in evaluating dynamic loading induced damage has been 
demonstrated through the evaluation of low velocity impact loading induced 
damage. A good correlation between the impact energy, damage areas and 
residual properties has been developed. 
This work has developed a good understanding which will benefit academic and 
industrial research and development. It can be expected that ESPI will become a 
viable NDT technique and achieve increasing acceptability and popularity in the 
foreseeable future. 
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A good understanding of the applicability and suitability of ESP! to damage 
evaluation in GRP composite materials has been established. However some aspects 
in this field have not been investigated due to limited time and equipment 
availability. In addition, the research has generated some subsidiary questions which 
have to remain unanswered for the same reasons. The following recommendations 
and comments for future work are put forward in order to increase this understanding 
even further. 
Different combinations of reinforcements (glass fibres, carbon fibres, aramid fibres 
and hybrid fibres) and matrices (epoxy, unsaturated polyester, phenolics and 
engineering thermoplastics) lead to different composites which have varying physical 
and mechanical properties. A good understanding of the applicability of ESP! to 
damage evaluation for GRP composite materials has been developed but it might not 
be completely applicable and viable with respect to other reinforcements/matrices 
systems. With the advent of novel polymeric composites and their increasing 
applications in different fields, the ability to characterise failure mechanisms and to 
apply adequate quality control will become increasingly important. It is of 
significance to develop a broad spectrum of ESPI's applicability as far as different 
kinds of polymeric composite materials are concerned. 
With the current work and in the context of quasi--static and dynamic mechanical 
stressing, the evaluation only involved flexural and low velocity impact loading 
induced damage. It would be helpful in promoting the popularity of ESP! if similar 
research was extended to evaluating tension, compression and cyclical loading 
induced damage in polymeric composites. Also it would be worthwhile improving 
and adapting the ESP! system in an attempt to achieve a real-time monitoring of 
. progressive development of failure when polymeric composite materials are 
subjected to different kinds of loading. In this case, a more efficient and reliable 
experiments would be achieved and a better knowledge of failure mechanisms 
established. 
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This research project concentrated on mechanically induced damage evaluation using 
ESPI in GRP composite materials. On the basis of the knowledge established, ESPI 
could be extended to the field of damage evaluation related to fabrication processes 
and environmental ageing and weathering. It would be significant to develop such an 
understanding with respect to the suitability of ESPI for detecting defects resulting 
from the fabrication process due to inappropriate use of technological parameters 
and process control. Hopefully ESPI can be further modified to produce a viab le 
. quality monitor technique. Polymeric composites have been employed in different 
fields for decades. They have been affected by different environmental factors and 
suffered from degradation. Integrity evaluation for such polymeric composite 
components and structures in service would provide valuable information for 
maintenance and replacement for safety reasons, and have significant technological 
and economical implications. 
A comparison study has been carried out between ESPI and visual inspection, 
ultrasonic C-scan, and sectioning techniques with considerable success. A similar 
study is recommended between ESPI and some other traditional NDT techniques. 
Thermography and radiography are interesting due to their popularity in the NDT 
field. On the basis of this comparison study, advantages and disadvantages with 
respect to different NDT techniques could be clearly established which is conductive 
to selecting appropriate NDT techniques for end users. 
An He-Ne continuous laser was employed for illumination purposes in the ESPI 
system and this was destined to be susceptible to environmental disturbances due to 
its high sensitivity to displacement and deformation, leading to potential difficulties 
in industrial exploitation. Although this can be alleviated to some extent exercising 
extra care, it is still a problem in the context of fringe quality and interpretation. The 
pulsed laser is suggested to replace the CW laser to illuminate the object surface 
under study although it would be expensive. Improvement would be expected due to 
the reduced sensitivity of the pulsed laser to environmental disturbances. 
Optical phase stepping ESPI has been demonstrated to be capable of removing 
optical noise and background fringe interference but implementation of this 
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technique has to satisfy very stringent operational conditions. Mechanical excitation 
induced fringes patterns are very stable and therefore the technique can be 
successfully applied, but it is not applicable to the enhancement of thermally excited 
fringe patterns. High speed phase stepping and interferogram acquisition systems are 
recommended in an attempt to reduce the image acquisition time to a level at which 
fringe drift due to the temperature differential is reduced in an acceptable level. 
Optical phase data extraction is computationally intensive and post processing time 
can be of the order of several minutes, leading to the inability of "real time" 
implementation. Development of more advanced analysis software is expected. On 
the basis of optical information, the ESPI system has the potential to be further 
developed as a sophisticated and automated damage evaluation technique. 
Exploitation of quantitative optical data provides an opportunity to implement 
computer aided damage diagnosis to polymeric composite materials leading to more 
reliable and objective damage identification. 
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Appendices 
A: Complex numbers and trigonometry 
A complex number z has the form 
z = x+iy 
where x and y are real numbers and i = H, so that 
i 2 =-1 
x, y are known as the real and imaginary parts of z , and may be written as 
x=Re(z), Y=Im(z) 
The complex conjugate of z is defined as: 
z*=x-iy 
It can be shown that 
. and 
(j fl' 
cosB=l--+--··· 
2! 4! 
B3 B' 
sinB= B--+-- .. · 
3! 5! 
Also the base of the natural logarithm e is defined by the series 
and so 
. q2 q3 
e
q 
= l+q+-+-+'" 
2! 3! 
ei8 =1+iB+(iB)2 +(iB)l + ... 
2! 3! 
= cosB+isinB 
= cosB - isinB 
ei8 + e-i8 = (cosB+ isinB) + (cosB- isin B) 
= 2cosB 
cos(a _ 1Z') = sina 
2 
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cos(a + 71") = -sina 
2 
sina 
tana=--
cosa 
1+cosa=2cos2 a 
2 
l-cosa = 2sin2 a 
2 
. 2. a a 
sma = sm-cos-
2 2 
cos(a + fJ) = cosacosp-sinasinp 
sin(a + fJ) = cosasinp +sinacosp 
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Appendix B: Electronic Speckle Pattern Interferometry 
Bl: Superposition and Interference of Two Planar Wave Fronts 
The general co-ordinate system with Cartesian axes x, y, z is defined in such way 
that the imaging system views the object along the z-axis. The instantaneous 
amplitudes U of two plane-polarised wave fronts in the same direction can be 
represented by: 
UA =uAexpi~A Bl 
B2 
where u is amplitude and r/J is optical phase, subscripts A and B denote the two 
beams. The resultant amplitude of the two beams due to linear superposition can be 
written as: 
UT = UA +UB 
= uA expi~A + uB expi~B 
The total intensity is given by: 
Iu = UTU; 
= (uA expi~A +uB expi~B)(UA exp- i~A +UB exp-i~B) 
= U~ + U~ + uAuo[ expi(~A - ~B) + exp- i(~A - ~B)] 
= lA +IB +2~IAIB COS(~A - ~B) 
= lA + IB + 2~IAIB COS~ 
B3 
B4 
Any relative optical phase change between the two wave fronts due to the 
displacement or deformation of the object surface under different loading conditions 
will cause the intensity to change to: 
Id=UTU; 
= [U A expi(b A + 6(b) + uB expi(bB ][U A exp- i(b A + 6 (b) + uB exp- i(b B] 
= u~ + u~ +U AUB[ expi(~ A + 6(b- rjJ B) + exp- i(rjJ A + 6rjJ- ~ B)] 
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= lA +IB + 2M COS(rpA +i1rp- rpB) 
= I A + I B + 2~ I AI B COS( t/J + i1rp) B5 
In speckle pattern correlation interferometry, wave front A usually represents the 
speckle light scattered by the object, and wave front B represents reference beam. 
/:;.rp represents phase difference in the obj ect wave front due to a change in the 
surface profile of the object. The subscripts u and d represent an undeformed 
state and an deformed state of the object, respectively. The correlation fringe 
patterns can be electronically produced by the manipulation of two speckle patterns 
as shown in Figure BI-B3. 
The subtraction process can be described mathematically as follows. 
Isub = Iu - Id 
= [lA + IB + 2·jIAIB COS rp] - [lA + IB + 2.jIAIB cos( rp + /:;.rp)] 
= 2PAIB [cos rp - cos(rp + /:;.t/J)] 
= 2~ IAIB [ cosrp - cos rpcosi1rp + sin rpsini1t/J] 
= 4~IAIB[~ cosrp(l- cos/:;.rp)+ ~ sinrpsini1rp ] 
= 4~IAIB[.!.Cosrp(2Sin2 /:;.t/J)+ sin rpsin /:;.rp cos i1rpJ 
2.. 2 2 2 
= 4PAIB[ cosrpsin ~ i1rp +sinrpcos ~ /:;.rp ][sin ~ /:;.rp ] 
= 4PAIB sin(rp +.!. /:;.rp)sin.!. /:;.rp 
2 2 
Addition correlation can be described mathematically as follows: 
Iadd = Iu + Id 
B6 
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Figure Bl: Speckle pattern in an un-deformed state 
Figure B2: Speckle pattern in a deformed state 
Figure B3: Correlation fringe patterns 
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= 2IA + 2IB + 2~IAIB [cosq' + cos(q' + Llq')] 
= 2IA +2IB +2~IAIB[cosq'+cOSq'COsLlq'-sinq'sin.1q'] 
= 2IA + 2IB + 2~IAIB [2 cos q'cos2 .1q' - 2 sin q'sin .1q' cos .1q'] 
2 2 2 
= 2IA + 2IB + 4~ IAIB [cos q'cos.!..1tjJ - sin q'sin.!. .1q']cos.!. LltjJ 
2 2 2 
= 2IA +2IB + 4~IAIB cos(q'+ ~ Llq')COS~.1tjJ B7 
B2: Out-oC-plane displacement sensitive ESPI 
The out-of-plane displacement can be isolated by a specific optical configuration 
which is sensitive to object displacements nonnal to the plane but insensitive to 
displacements in the plane of an object. Figure B4 is the optical configuration of the 
out-of-plane displacement sensitive ESP!. 
The"object under study is illuminated by a divergent coherent laser wave front at a 
small incident angle B to the object surface. The light scattered by the object is 
imaged by a viewing lens and integrated with a smooth reference wave front behind 
the lens which is introduced by a beam splitter. The object wave fronts and 
reference wave fronts interfere on the face plate of a camera and give rise to the 
speckle patterns. The fringe patterns corresponding to the out-of-plane displacement 
are electronically produced by subtraction correlation or addition correlation 
manipulation in a frame store. 
The object beam lies in the xz plane and is offset from viewing axis by a small 
angle B. Apoint p(x,y,z) is displaced to point p(x+u,y+v,z+w). There 
is a change in optical path length M of the reflected object beam which is 
schematically shown in Figure B5. 
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P' 
x L:y 
z 
Object 
Object Beam 
Image 
Plane 
........ 
Reference Beam 
Figure B4: Optical configuration of out-of-plane displacement 
sensitive ESPI 
usin8 
... ~ .. ~ 
~ ..... ~ ......... P 
'-.".,.1--------.-____ _ 
u 
w 
Figure B5: Optical path length change due to the object displacement 
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The object beam lies in the xz plane and is offset from viewing axis by a small 
angle B. Apoint p(x,y,z) is displaced to point p(x+u,y+v,z+w). There 
is a change in optical path length M of the reflected object beam which is 
schematically shown in Figure B5. 
The change of optical path length normal to the object surface is given by: 
LV=w+wcosB+usinB B8 
Therefore the total phase change at the image plane is: 
!:It/J = 2; [w(l + COS B) + u sin B] B9 
For small incident angle (normally<5°) the term usin B can be ignored with respect. 
to the term w(l + cosB). In this case the optical configuration can be considered 
being sensitive to movement in z direction, therefore 
4;r 
!:It/J= 7 w BIO 
Between adjacent fringe centrelines of the same intensity, the object surface 
displacement is 
A 
w=- Bll 
2 
B3: In-plane Displacement Sensitive ESPI 
The optical arrangement of in-plane displacement sensitive ESP! is schematically 
illustrated in Figure C6. The object is illuminated by two coherent collimated laser 
wave fronts at equal but opposite incident angles B which is normal to the object 
surface. Practically the dual-beam arrangement is often implemented by placing a 
mirror normal to the object surface and aligning a single beam so that its centre is 
located at the vertical edge of the mirror close to the object. 
The brief mathematical description of in-plane sensitivity ESP! is given by: 
LVA =w(l+cosB)+usinB 
!:lIs = w(l + cos- B) + usin- B 
= w(l + cos B) - usinB 
Bl2 
Bl3 
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Object 
Beam A 
BeamB 
Image 
Plane 
Figure B6: Optical configuration of in-plane displacement sensitive ESPI 
MA and MB are changes of optical path length introduced by beam A and beam B, 
respectively. The total phase change produced at the image plane is: 
i1rp = 2" (M A - M B) 
A 
. 4" . 
=-usmB 
A 
B4: Optical Phase Distribution Extraction 
The speckle pattern recorded during an exposure can be written as: 
In (x,y) = a(x,y) + b(x,y)cos[ rp (x,y) + {n -l)a ] .. 
B14 
B15 
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where n = 0 to m. For the three frame technique with known phase step a, namely 
n = 2 , the three intensity measurements at a single point in the interferogram can be 
expressed as 
1; (X,y) = a(x,y) + b(x,y)cos[~(x,y) - a] 
I 2(x,y) = a(x,y) + b(x,y)cos~(x,y) 
I 3(x,y) = a(x,y) + b(x,y)cos[~x,y) + a] 
From a known phase step a = ,,/2, equation 3.17 to 3.19 become to: 
/1 (x,y) = a(x,y) + b(x,y) sin ~(x,y) 
I 2(x,y) = a(x,y) + b(x,y)cos~(x,y) 
I 3(x,y) = a(x,y) - b(x,y) sin ~x,y) 
From Equation B17 to B19, the optical phase can be written 
I -I ~(x,y) = arctan 1 3 
212 - /1 - 13 
B16 
B17 
B18 
B19 
B20 
B21 
B22 
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The Sixth Chinese Materials Association (UK) Annual Congress (CMA-
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